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Abstract 
Assessing potential damage of flood events is an important component in flood risk 
management. Determining direct flood damage is commonly done using depth-damage 
curves, which denote the flood damage that would occur at specific water depths per 
asset or per land-use class. Many countries have developed flood damage models using 
depth-damage curves based on analysis of past flood events and on expert judgement. 
However, the fact that such damage curves are not available for all regions hampers 
damage assessments in some areas. Moreover, due to different methodologies employed 
for various damage models in different countries, damage assessments cannot be 
directly compared with each other, obstructing also supra-national flood damage 
assessments. 
To address these problems a globally consistent database of depth-damage curves has 
been developed. This dataset contains damage curves depicting fractional damage as a 
function of water depth as well as the relevant maximum damage values for a variety of 
assets and land use classes. Based on an extensive literature survey normalised damage 
curves have been developed for each continent, while differentiation in flood damage 
between countries is established by determining maximum damage values at the 
country scale. These maximum damage values are based on construction cost surveys 
from multinational construction companies, which provide a coherent set of detailed 
building cost data across dozens of countries. A consistent set of maximum flood 
damage values for all countries was computed using statistical regressions with socio-
economic World Development Indicators. Further, based on insights from the literature 
survey, guidance is also given on how the damage curves and maximum damage values 
can be adjusted for specific local circumstances, such as urban vs. rural locations or use 
of specific building material. This dataset can be used for consistent supra-national scale 
flood damage assessments, and guide assessment in countries where no damage model 
is currently available. 
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1 Introduction 
 
1.1 Project motive 
The main objective of the Directorate General Joint Research Centre (DG JRC) is to 
provide science-based support to the policy process. In particular, the climate and 
energy policy areas are partly covered by Directorate C on Energy, Transport and 
Climate. Regarding climate policy, the JRC has coordinated the PESETA projects 
(Projection of Economic impacts of climate change in Sectors of the European Union 
based on bottom-up Analysis) with the objective to make a consistent multi-sectoral 
assessment of the impacts of climate change in Europe throughout the 21st century. 
Under Action 4 of the EU Strategy on Adaptation to Climate Change, the JRC will work on 
estimating the implications of climate change, and undertake a comprehensive review of 
what global climate change will mean for the EU. That simulation exercise requires 
conducting a series of sector-specific climate impact assessments. One of those areas 
relates to riverine and coastal floods. 
Economic damages due to floods are one of the main climate impact categories. Several 
studies have assessed flood damages at the local (e.g., Bouwer et al. (2010)) to regional 
scales (e.g. Linde et al. (2011)), whereas fewer studies have performed continental flood 
damage assessments (e.g. Feyen et al. (2012),  Rojas et al. (2013), Jongman et al. 
(2014)). Recently, also global flood impacts assessment tools have been developed 
(Hirabayashi et al. (2013), Ward et al. (2013), Arnell and Gosling (2014)). Such 
assessments, however, are currently limited in evaluating the impacts from flooding due 
to the absence of a comprehensive global database of flood damage functions that can 
translate flood water levels into direct economic damage. There are various local-to-
regional damage models available, especially for Europe and the US, but for most other 
world regions little information is available on the relation between the occurrence of the 
physical event and the consequent economic implications. 
 
1.2 The report and the database 
This publication consists of the report and the accompanying database. The report 
provides detailed description of the methodology applied to construct the flood depth-
damage functions. Also, a set of guidelines is developed to facilitate use of the 
accompanying database of functions. The database is provided in a separate spreadsheet 
format.  
The presented depth-damage functions are provided for 214 countries for the following 
damage categories:  
o Residential buildings, 
o Commerce, 
o Industry, 
o Transport, 
o Infrastructure, and 
o Agriculture. 
Because the data used in this study comprise both fluvial and marine flooding, the 
damage functions constructed are not associated with specific type of floods and they 
can at first be used for the damage assessment of a generic inundation event. 
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1.3 Structure of the report 
The report consists of five chapters and a set of appendices. Chapter 2 documents the 
methodology applied to perform the literature review and to collect the relevant data, 
followed by documentation of the data processing in order to derive the country-specific 
depth-damage functions for the impact categories. The derived damage functions and 
the corresponding maximum damage values are presented and discussed in Chapter 3, 
while Chapter 4 demonstrates an approach to determine an uncertainty associated with 
the damage functions and the maximum damage values. 
The instructions and guidelines on use of the damage functions are set out in Chapter 5. 
The flood depth damage-functions are provided in the accompanying spreadsheet file 
(MS Excel). The database collects the fractional damage functions which allow to 
determine the percentage of the asset being damaged at specific flood depth, as well as 
the associated maximum damage values which, when used with the fractional damage 
functions, allow to assess value of damage.   
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2 Method 
 
2.1 Introduction 
This chapter documents the methodology applied for the literature review and collection 
of the relevant data and, subsequently, it documents the process of derivation of the 
country-specific depth-damage functions for the impact categories. 
Figure 2-1 shows a flowchart of the project's activities, which are subsequently briefly 
overviewed.  
Figure 2-1: Main activities of the project. 
 
A short enumeration of the project activities: 
1. Data collection: 
o Review of literature on flood damage data (damage functions and maximum damage 
values); 
o Recording of the country-specific quantitative data; 
2. Flood depth-damage functions: 
o Normalization (when necessary) to fit the full 0-1 range of the damage factor; 
o Derivation of continental damage functions per land-use class; 
o Construction of generic global damage curves for agriculture and roads from limited 
data; 
3. Maximum damage values: 
o Harmonisation of the damage values to 2010 price level and to Euros; 
o Adjustment of the maximum damage values where the damage functions were 
normalised; 
o Harmonisation of the construction costs values based on regression analysis to extend 
the data to countries without known maximum damage values for residential, 
commercial and industrial buildings; 
o Computation of the maximum damage values based on value added (agriculture) and 
European data (infrastructure); 
4. Uncertainty and validation: 
o Estimated for the damage functions and for the maximum damage values for residential, 
commercial and industrial buildings; 
o Compared the registered damage to damage calculated using the methods described in 
this report for flood events in New York City (USA) and Jakarta (Indonesia).  
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2.2 Data collection 
The quantitative data used for constructing the flood damage functions was collected 
from literature identified in the literature review process, as well as from various sources 
available at HKV consultants and VU University. 
 
2.2.1 Approach 
The literature search has been carried out to collect numerical values for damage 
functions and maximum damage values. The search focussed on data for countries and 
regions outside Europe because the European countries have been investigated 
extensively for the report on European Damage Function in 2007 (Huizinga, 2007). No 
publications on significant improvements related to the European damage functions were 
found, however the data for the damage class "Transport" was included, as this was a 
new additional damage class for this research. 
Search strings were submitted to Internet search engines Google and Bing. At least the 
following search words and combinations of thereof were submitted in the different 
languages: 
English: 
o Flooding, damage, function, inundation, stage, depth. 
German: 
o Überschwemmung, Schaden, Funktion, Inundation, Flut, Hochwasser, Tiefe. 
French: 
o Inondation, dommage, fonction, base de donnee, crue, profondeur. 
Spanish: 
o Inundación, daños, funciones de daño, profundidad. 
Portugese: 
o inundação, damages, funções de dano, profundidade. 
The results were further filtered on the geographic relevance and, based on available 
references in relevant reports, new additional documents were searched for. The 
identified publications were screened for quantitative information on flood damage 
calculation.  
 
2.2.2 Findings 
The literature search produced a considerable amount of detailed information. Table 2-1 
below shows those countries for which quantitative information about flood damage 
calculation was found. 
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Table 2-1: Quantitative damage data available from literature. 
Continent Country 
Asia Bangladesh 
Cambodia 
China 
India 
Indonesia 
Japan 
Laos 
Pakistan 
Philippines 
Taiwan 
Thailand 
Vietnam 
Africa Malawi 
Mozambique 
Nigeria 
South-Africa 
North America USA 
Canada 
Central and South-
America 
Argentina 
Bolivia 
Brazil 
Colombia 
El Salvador 
Guatemala 
Haiti 
Mexico 
St. Maarten 
continental 
Oceania Australia 
New Zealand 
Europe  
 
Belgium  
Czech Republic  
Denmark  
France  
Germany  
Hungary  
Norway  
Sweden 
Switzerland 
The Netherlands  
United Kingdom  
The amount of identified data was rather large for the countries and continents with a 
damage assessment ‘tradition’, like the USA, Australia, Taiwan, Japan and South Africa. 
However, in particular for the African continent (except South Africa), the information 
found was not equally distributed over the continent and concentrated for the sub-
Saharan Africa only. This might be due to the fact that floods do not occur very 
frequently in the Sahara and in the countries north of it. For Europe there were no 
significant new contributions found in literature since the report of Huizinga in 2007. 
 
2.3 Conversion of maximum damage values to Euro 
2.3.1 Correction for inflation 
Each collected maximum damage value has to be representative for the price-level of 
the selected recent year for all data available, set to year 2010. This means that price 
level values for earlier years have to be corrected for inflation, which was achieved by 
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using Consumer Price Index (CPI). The CPI reflects changes in the cost to the average 
consumer of acquiring a basket of goods and services that may be fixed or changed at 
specified intervals, such as yearly. The price-level update is based on global CPI 
information from World Bank (2015).  
Correction is performed using the following equation: 
max. damage2010 = max. damageyear of issue * (CPI
2010 ) / (CPIyear of issue) 
where: 
max damageyear of issue = maximum damage in year of issue 
max damage2010  = maximum damage for price level 2010 
CPIyear of issue   = CPI for year of issue 
CPI2010   = CPI for 2010 
 
2.3.2 Conversion of reported local currency to Euro 
The reported maximum damage values have been converted to Euro using the following 
exchange rates for the year 2010 (mean annual value).  
 
Table 2-2: Currencies' values for 2010 [€], mean annual value.4 
Country (currency) 
The currency value in 
Euros 
South Africa (Rand) 0.105 
US (Dollar) 0.77 
Bangladesh (Taka) 0.011 
India (Rupees) 0.0165 
Thailand (Bhat) 0.024 
Indonesia (Rupiah) 0.0000832 
Vietnam (Dong) 0.00004 
China (Yuan) 0.115 
Taiwan (Dollar) 0.024 
Japan (Yen) 0.0088 
Brazil (Real) 0.44 
Mexico (Peso) 0.061 
Australia (Dollar) 0.72 
 
2.3.3 Example of the update process 
Suppose we have a maximum damage value of 150 000 Taka (Bangladesh) in 1992. 
This value is updated to Euros at price level 2010 by the following approach: 
Example: 
 Step 1: convert Taka 1992 to Taka 2010 using CPI: 150 000 * 100/36 = 416 666 
Taka  
 Step 2: convert Taka 2010 to Euro (2010) using an annual average exchange 
rate: 416 666 * 0.011 = 4 583 Euro 
 
                                           
4 Sourced from: www.oanda.com/currency/historical-rates, and  
www.ecb.europa.eu/stats/exchange/eurofxref/html/eurofxref-graph-idr.en.html# 
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2.4 Approach to determinate continent specific curves per 
damage class 
In this study the damage fractions in the damage curves are intended to span from zero 
(no damage) to one (maximum damage). The collected data, however, do not always 
follow this behaviour. If share of the damage does not reach one at a water depth of 6 
meters the damage functions are normalised. Normalisation in the context of this study 
means that the damage factors were recomputed to range from zero to one 5. This 
normalisation was undertaken in parallel with adjustment of the maximum damage for 
the normalised functions. The normalisation allowed assuring validity of taking a mean 
value of all damage curves to represent the 'average' continental curve. By additionally 
calculating a sample standard deviation for each flood depth an indication of uncertainty 
in maximum damage values was obtained (see also section 4.1). 
Damage curves have been produced per damage class (residential, commerce, industry, 
transport, roads, railroads, agriculture) for each continent separately (Africa, Asia, 
North-America, South/Central-America, Oceania and Europe).  
As there are only limited sources for the damage functions of the classes 
'Infrastructure/roads' and 'Agriculture', a discussion on creating global generic curves for 
these damage classes is included in section 5.4.  
 
2.5 Approach to determinate national maximum damage 
values per damage class 
In order to translate flood water level to damage, the damage curves need an associated 
national maximum damage values (presented in Chapter 3). However, the literature 
does not provide data on maximum damage values for all countries and damage classes. 
Therefore, a consistent process of determining maximum damage values is developed to 
allow for non-biased comparison of the damage between different countries 6 . The 
process differs between some damage classes due to extent and type of data available; 
an overview is provided below. 
2.5.1 Residential buildings, commerce and industry 
For damage classes residential buildings, commerce and industry, the national maximum 
damage values were derived from regression analysis of damage values identified in the 
literature review 7 and values from international surveys of construction costs versus 
globally available national parameters from the World Bank (World Development 
Indicators), such as GDP per capita.  
Initially, a large set of national socio-economic parameters was used, such as indicators 
in the World Development Indicators database 8 . Included indicators were: Gross 
Domestic Product (GDP), Purchasing Power Parity (PPP), population density, agricultural 
value, land use and/or geology, market exchange rates, labour costs, dependency on 
natural resources, national income inequality, building style (archetypes per 
                                           
5 The exception is the USA where literature suggests there is damage present already at 
a value just above zero flood depth due to houses being built with basements. 
6 For examples see  Jongman et al. 2012 or De Moel and Aerts, 2011 
7  The average maximum damage per continent has been calculated after removing 
apparent extreme values. Extremes were removed after visual and common sense 
inspection of the distribution of the values mimicking the Median Average Deviation for 
unsymmetrical distributions. 
8 http://data.worldbank.org/indicator 
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country/continent), governmental regulations, yield per hectare, insurance penetration, 
etcetera. 
Regressions were performed at the global scale, to include as wide a range of indicator 
values as possible in the analysis. As stated, two sets of maximum damage values were 
tested:  
o Maximum damages derived from the different national damage models identified in the 
literature review, and 
o Construction cost values from international surveys.  
The latter one is not commonly used in damage modelling, but has the potential 
advantage of a consistent methodology (in terms of baseline building and assessment 
procedure) across countries as opposed to national damage models.  
This methodology resulted in a set of formulas in which a specific subset of globally 
available national indicators can be used to calculate the maximum damage for a specific 
damage class in a specific country.  
 
2.5.2 Infrastructure 
The number of available maximum damage values from literature is small and the values 
are not always comparable due to different ways of determining the maximum damage. 
Therefore, in this study we use values from the European study (Huizinga, 2007) as the 
average maximum damage value. This approach is elaborated in section 3.3.2. 
 
2.5.3 Agriculture 
For agriculture the damage is related to a loss in output when the yield is destroyed by 
floods. Therefore, the value added in US$ per hectare has been used as the proxy for 
the maximum damage value. From the WDI the agricultural land per country (km2) and 
agriculture value added (US$) were used. This approach is elaborated in section 3.3.3. 
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3 Results 
3.1 Introduction 
The collected data have been recorded for five continents: Africa, Asia, Oceania, North 
America, South and Central America. The data for Europe was collected and processed in 
a separate study (Huizinga, 2007) and the summary figures are provided in Appendix F. 
The damage functions in the accompanying database cover countries in all six 
continents. The data was collected for damage classes: Residential buildings, Commerce 
buildings, Industry buildings, Transport, Infrastructure (roads), and Agriculture. 
The rest of this section overviews the damage functions and maximum damage values 
per damage class for each continent. 
 
3.2 Damage curves  
This section presents the literature review findings on the flood depth-damage curves, as 
well as the constructed average continental damage functions. The results are presented 
per damage class. 
In all figures the 'average' continental function is shown as a red line; the related 
European function is shown as a yellow line. This is done to facilitate comparison to the 
earlier study by Huizinga (2007) for Europe. 
 
3.2.1 Residential buildings 
The residential buildings including content damage values all have inventory included. 
The results are shown below.  
  
Africa: 
Figure 3-1 Damage per square meter for Africa - residential buildings. 
 
 
The countries in Figure 3-1 comprise South Africa (small house, medium house, large 
house) and Mozambique (urban house, rural house). Relative large differences exist in 
the figure as the local and national assessment methods may differ. The small South 
African house has the highest value per square meter, while the rural house in 
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Mozambique has the lowest value per square meter. The three remaining house types in 
Mozambique and South Africa have more or less equal maximum damage values.  
The average maximum damage value for the class residential buildings including 
inventory at 6 meters water depth is 495 €/m2 (2010) compared to 750 €/m2 (2007) in 
Europe.  
The normalised damage functions are shown on Figure 3-2. The damage factors in the 
recorded individual functions do not always range from 0 to 1, so they have been 
normalised to end on 1.  
Figure 3-2: Damage factor for Africa - residential buildings. 
 
As can be seen the shape of the damage factor for South Africa and Europe is nearly 
identical (at maximum only 10% difference at 3 meters flood depth). 
Based on the collected data a new ‘average’ damage function for residential buildings is 
constructed. 
Table 3-1: Average continental damage function for Africa - residential buildings. 
Water depth 
(m) 
Damage factor 
0 0 
0.5 0.22 
1 0.38 
1.5 0.53 
2 0.64 
3 0.82 
4 0.90 
5 0.96 
6 1.00 
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Asia: 
Figure 3-3: Damage per square meter for Asia - residential buildings. 
 
The countries in the figure comprise Bangladesh, Cambodia, Taiwan, China, Indonesia, 
Thailand, Vietnam, Laos and Japan. The functions for Shanghai and Beijing have been 
removed as the maximum damage went up to 2611 €/m2 (2010) for Shanghai and 984 
€/m2 (2010) for Beijing. Large differences exist in the figure, as the sources come from 
many different countries and definition of maximum damage may be different (for 
example urban fabric versus individual buildings).  
The third highest maximum damages are found in Taiwan with functions running up to 
maxima of 100-180 €/m2 (2010). The rest of the functions have a maximum damage 
varying between 2-100 €/m2 (2010). These countries are: Bangladesh, Cambodia, 
Indonesia, Thailand, Vietnam and Laos. 
The average maximum damage for Asia is 111 €/m2 (2010) compared to 750 €/m2 
(2007) in Europe. 
The relative damage functions are shown below. The recorded individual functions are 
not always running from 0 to 1, so they have been normalised to always end on 1.  
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Figure 3-4: Damage factor for Asia - residential buildings. 
 
As can be seen the shape of the damage factor for Asia and Europe is quite similar. 
Based on the collected data a new ‘average’ damage function for residential buildings is 
made.  
Table 3-2: Average continental damage function for Asia - residential buildings. 
Water depth (m) Damage factor 
0 0 
0.5 0.33 
1 0.49 
1.5 0.62 
2 0.72 
3 0.87 
4 0.93 
5 0.98 
6 1.00 
 
Oceania: 
Figure 3-5: Damage per square meter for Oceania - residential buildings. 
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The countries in Figure 3-5 comprise Australia only. In the figure the maximum damage 
values range from 200 – 1000 €/m2 (2010). For the New Zealand the methodologies 
developed in Australia are being used. 
The average maximum damage for Oceania is 541 €/m2 (2010) compared to 750 €/m2 
(2007) in Europe.  
The relative damage functions are shown below. The recorded individual functions are 
not always running from 0 to 1, so they have been normalised to always end on 1.  
Figure 3-6: Damage factor for Oceania - residential buildings. 
 
As can be seen the shape of the damage factor for Oceania and Europe is not similar, as 
the function for Oceania is steeper until 2 meter water depth. Nearly maximum damage 
is there after water depth has become 3 meters or more. This may be due to the fact 
that in Australia there are more houses with only one floor. 
Based on the collected data a new ‘average’ damage function for residential buildings is 
developed.  
Table 3-3: Average continental damage function for Oceania - residential buildings. 
Water depth 
(m) 
Damage factor 
0 0.04 
0.5 0.48 
1 0.64 
1.5 0.71 
2 0.79 
3 0.93 
4 0.97 
5 0.98 
6 1.00 
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North America: 
Figure 3-7: Damage per square meter for North America - residential buildings. 
 
All data is from the USA and based on the HAZUS flood damage model (Scawthorn et.al., 
2006a/2006b). In the Figure 3-7 above the value of houses is the sum of structure and 
content damage. 
The average maximum damage for North America is 788 €/m2 (2010) compared to 750 
€/m2 (2007) in Europe.  
The relative damage functions are shown in Figure 3-8 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to end on 1.  
Figure 3-8: Damage factor for North America - residential buildings. 
 
As can be seen the shape of the damage functions for North-America and Europe is quite 
similar, with the exception of the North American functions having a positive damage 
factor at zero flood depth. This is due to the fact that North American flood model 
HAZUS provides data for different houses with - and without basements. According to 
literature 9  in the period 2011-2013 30% to 70% of the newly built single family 
residential homes in the USA were constructed with a basement.  
                                           
9 http://www.businessinsider.com and http://eyeonhousing.org 
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Based on the collected data a new ‘average’ damage function for residential buildings is 
made.  
Table 3-4: Average continental damage function for North America - residential 
buildings. 
Water depth 
(m) 
Damage factor 
0 0.20 
0.5 0.44 
1 0.58 
1.5 0.68 
2 0.78 
3 0.85 
4 0.92 
5 0.96 
6 1.00 
 
South and Central America: 
Figure 3-9: Damage per square meter for South America - residential buildings. 
 
The two upper functions on Figure 3-9 are based on data from a relatively small island 
St Maarten (Caribbean). The two lower functions are based on data from Brazil.  
The average maximum damage for South America is 215 €/m2 (2010) compared to 750 
€/m2 (2007) in Europe. This value seems rather high for South America and is probably 
strongly biased by the relatively rich country of St Maarten. It may be a better choice to 
use the Brazilian value of 69 €/m2 (2010). 
The relative damage functions are shown below on Figure 3-10. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-10: Damage factor for South America - residential buildings. 
 
These functions originate from Brazil, St. Maarten and Mexico. As can be seen, the shape 
of the damage factor for South America and Europe is not similar, as the function for 
South America is much steeper in the first two meters of water depth. The South 
America function reaches its maximum at about 3 meters. 
Based on the collected data a new ‘average’ damage function for residential buildings is 
made.  
Table 3-5: Average continental damage function for South America - residential 
buildings. 
Water depth 
(m) 
Damage factor 
0 0 
0.5 0.49 
1 0.71 
1.5 0.84 
2 0.95 
3 0.98 
4 1.00 
5 1.00 
6 1.00 
 
 
3.2.2 Commerce 
The damage type Commerce includes content maximum damage values all have 
inventory included. The results are shown below. 
 
Africa: 
 
No commerce functions are available for Africa. The average maximum damage value for 
the class Commerce is 621 €/m2 (2007) in Europe. 
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Asia: 
Figure 3-11: Damage per square meter for Asia — commerce. 
 
The countries in Figure 3-11 comprise Bangladesh, China, Indonesia, Japan and 
Vietnam. More details can be found in the accompanying continental spreadsheets. Large 
differences exist in the maximum damage values, as they come from many different 
countries and definition of maximum damage may be different (for example urban fabric 
versus individual buildings). In the figure above the function for Beijing runs up to 1274 
€/m2 damage. The rest of the functions vary between 8 to 300 €/m2 (price level 2010). 
The average maximum damage for Asia is 138 €/m2 (2010) compared to 621 €/m2 
(2007) in Europe.  
The relative damage functions are shown on Figure 3-12 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1. 
 
Figure 3-12: Damage factor for Asia – commerce. 
 
As can be seen the shape of the damage factor for Asia and Europe is quite similar. 
Based on the collected data a new ‘average’ damage function for commerce is made.  
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Table 3-6: Average continental damage function for Asia – commerce. 
Water depth (m) Damage factor 
0 0 
0.5 0.38 
1 0.54 
1.5 0.66 
2 0.76 
3 0.88 
4 0.94 
5 0.98 
6 1 
 
Oceania: 
Figure 3-13: Damage per square meter for Oceania – commerce. 
 
The countries in Figure 3-13 comprise Australia only, as there are no functions available 
for New Zealand. More details can be found in the accompanying continental 
spreadsheets. The function for large commercial areas runs up to 2028 €/m2 (2010). 
This maximum damage value is part of a method developed by BMT (2011), and has a 
higher maximum damage value than the other curves being based on the ANUflood 
method. BMT reports the ANUflood method to underestimate calculated damage.  
The average maximum damage for Oceania is 506 €/m2 (2010) compared to 621 €/m2 
(2007) in Europe.  
The relative damage functions are shown on Figure 3-14 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-14: Damage factor for Oceania – commerce. 
 
As can be seen the shape of the damage factor for Oceania and Europe is quite similar 
between 0-1.5 meter water depth and from 4.5 meter water depth. In between the 
Oceania function reaches maximum faster than the European function does. 
Based on the collected data a new ‘average’ damage function for commerce is made.  
Table 3-7: Average continental damage function for Oceania – commerce. 
Water depth (m) Damage factor 
0 0 
0.5 0.24 
1 0.48 
1.5 0.67 
2 0.86 
3 1.00 
4 1.00 
5 1.00 
6 1 
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North America: 
 
Figure 3-15: Damage per square meter for North America – commerce. 
 
All data is from USA and based on HAZUS. In the Figure 3-15 above the total damage 
value is the sum of structure and content damages. The average maximum damage for 
North America is 1889 €/m2 (2010) compared to 750 €/m2 (2007) in Europe.  
The relative damage functions are shown on Figure 3-16 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
Figure 3-16: Damage factor for North America – commerce. 
 
As can be seen the shape of the damage factor for North America and Europe is similar 
to the HAZUS content function, but on the whole the European function is steeper than 
the North American function. 
 
Based on the collected data a new ‘average’ damage function for commerce is made.  
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Table 3-8: Average continental damage function for North America – commerce. 
Water depth (m) Damage factor 
0 0.02 
0.5 0.24 
1 0.37 
1.5 0.47 
2 0.55 
3 0.69 
4 0.82 
5 0.91 
6 1 
 
South and Central America: 
 
Figure 3-17: Damage per square meter for South America – commerce. 
 
In the Figure 3-17 above the St. Maarten low, medium and high respectively represent 
areas of less than 100 m2, areas between 100 and 1000 m2 and areas above 1000 m2. 
The average maximum damage for South America is 122 €/m2 (2010) compared to 750 
€/m2 (2007) in Europe. 
The relative damage functions are shown on Figure 3-18 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-18: Damage factor for South America – commerce. 
 
As can be seen, the shape of the damage factor for South America and Europe is not 
similar, as the function for South America is much steeper in the first two meters of 
water depth. The South America function reaches its maximum at about 2 meters. 
 
Based on the collected data a new ‘average’ damage function for commerce is made.  
Table 3-9: Average continental damage function for South America – commerce. 
Water depth (m) Damage factor 
0 0 
0.5 0.61 
1 0.84 
1.5 0.92 
2 0.99 
3 1.00 
4 1.00 
5 1.00 
6 1 
 
 
3.2.3 Industry 
The Industry maximum damage values all have inventory included and apply to an 
overall industrial area (not just one specific plant or object). 
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Africa: 
Figure 3-19: Damage per square meter for Africa - industrial area. 
 
As there is only one function for the class 'Industry' and it's originating from South 
Africa, so the African average function comprises only one observation. The average 
maximum damage value for the class Industry is 120 €/m2 (2010) in Africa versus 534 
€/m2 (2007) in Europe. 
The relative damage functions are shown below. The recorded individual functions are 
not always running from 0 to 1, so they have been normalised to always end on 1.  
 
Figure 3-20: Damage factor for Africa - industry. 
 
 
The shape of the damage function is nearly identical to the European function. 
Based on the collected data a new ‘average’ damage function for industry is made.  
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Table 3-10: Average continental damage function for Africa – industry. 
Water depth (m) Damage factor 
0 0 
0.5 0.06 
1 0.25 
1.5 0.40 
2 0.49 
3 0.68 
4 0.92 
5 1.00 
6 1 
 
Asia: 
 
Figure 3-21: Damage per square meter for Asia – industy. 
 
The countries in the Figure 3-21 comprise Bangladesh (industry flooded less than 7 
days, industry flooded more than 7 days), China (Beijing manufacturing), Indonesia 
(industry/warehouse) and Thailand (Bangkok). More details can be found in the 
accompanying continental spreadsheets. The function for Beijing runs up to 1741 €/m2 
(2010). The rest of the functions vary between 80 – 245 €/m2 (2010) in Bangladesh, 
Indonesia and Thailand. 
The average maximum damage value for the class 'Industry' is 114 €/m2 (2010) in Asia 
versus 534 €/m2 (2007) in Europe. 
The relative damage functions are shown on Figure 3-22 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-22: Damage factor for Asia – industry. 
 
The shape of the damage function is not identical to the European function, as the Asian 
function is much steeper until 1.5 meters water depth. After 4 meters the difference 
becomes very small. 
Based on the collected data a new ‘average’ damage function for industry is made.  
Table 3-11: Average continental damage function for Asia – industry. 
Water depth (m) Damage factor 
0 0 
0.5 0.28 
1 0.48 
1.5 0.63 
2 0.72 
3 0.86 
4 0.91 
5 0.96 
6 1 
 
Oceania: 
No industry functions available for Oceania. 
The average maximum damage value for the class 'Commerce' is 534 €/m2 (2007) in 
Europe. 
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North America: 
 
Figure 3-23: Damage per square meter for North America – industry. 
 
All data is from USA and based on HAZUS. In the Figure 3-23 above the value of rural 
house is the sum of structure and content. The average maximum damage for North 
America is 1830 €/m2 (2010) compared to 534 €/m2 (2007) in Europe.  
The relative damage functions are shown on Figure 3-24 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
Figure 3-24: Damage factor for North America – industry. 
 
As can be seen the shape of the damage factor for North America is steeper than the 
European function until 5 meters of water depth. After 5 meters the functions align. 
Based on the collected data a new ‘average’ damage function for commerce is made.  
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Table 3-12: Average continental damage function for North America – industry. 
Water depth (m) Damage factor 
0 0.02 
0.5 0.31 
1 0.48 
1.5 0.61 
2 0.71 
3 0.84 
4 0.93 
5 0.98 
6 1 
 
South and Central America: 
Figure 3-25: Damage per square meter for South America – industry. 
 
The lowest function originates from Brazil. The two higher functions (small :<100m2 and 
medium:100-1000m2) originate from St. Maarten (small Caribbean island depending on 
tourism). The average maximum damage for South America is 137 €/m2 (2010) 
compared to 534 €/m2 (2007) in Europe. Given the lower value of 29 €/m2 for Brazil, 
this value seems more appropriate to apply in South America as St. Maarten has an 
estimated GDP/cap in 2008 of nearly 15 000US$ compared to Brazil having a GDP/cap of 
8700US$. 
The relative damage functions are shown on Figure 3-26 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-26: Damage factor for South America – industry. 
 
The shape of the damage factor for South America is much steeper than the European 
function. At two meters of water depth this function reaches its maximum value. 
Based on the collected data a new ‘average’ damage function for commerce is made.  
Table 3-13: Average continental damage function for South America – industry. 
Water depth 
(m) 
Damage 
factor 
0 0 
0.5 0.67 
1 0.89 
1.5 0.95 
2 1.00 
3 1.00 
4 1.00 
5 1.00 
6 1 
 
 
3.2.4 Transport 
The results for Transport are shown below. 
 
Africa: 
No Transport functions available for Africa. 
The average maximum damage value for the class 'Transport' is 751 €/m2 (2010) in 
Europe. 
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Asia: 
 
Figure 3-27: Damage per square meter for Asia - transport. 
 
 
The countries in the Figure 3-27 comprise China (Beijing) and Indonesia (transportation 
facility). More details can be found in the accompanying continental spreadsheets. The 
function from Beijing runs up to about 414 €/m2 (2010). The lowest maximum damage 
from Indonesia is 22 €/m2 (2010). The average maximum damage value for the class 
'Transport' is 209 €/m2 (2010) in Asia versus 751 €/m2 (2010) in Europe. 
The relative damage functions are shown on Figure 3-28 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
Figure 3-28: Damage factor for Asia - transport. 
 
The shape of the damage function is fully identical to the European function. 
 
Based on the collected data a new ‘average’ damage function for transport is made.  
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Table 3-14: Average continental damage function for Asia - transport. 
Water depth (m) Damage factor 
0 0 
0.5 0.36 
1 0.57 
1.5 0.73 
2 0.85 
3 1.00 
4 1.00 
5 1.00 
6 1 
 
Oceania: 
No Transport damage functions available for Oceania. 
The average maximum damage value for the class 'Transport' is 751 €/m2 (2010) in 
Europe. 
 
North America: 
No Transport damage functions available for North America. 
The average maximum damage value for the class 'Transport' is 751 €/m2 (2010) in 
Europe. 
 
South and Central America: 
Figure 3-29: Damage per square meter for South America - transport. 
 
The damage function in the Figure 3-29 originates from Brazil. More details can be found 
in the accompanying continental spreadsheets. The function from Brazil runs up to about 
23 €/m2 (2010). The average maximum damage value for the class 'Transport' is 23 
€/m2 (2010) in South America versus 751 €/m2 (2010) in Europe. 
The relative damage functions are shown below. The recorded individual functions are 
not always running from 0 to 1, so they have been normalised to always end on 1.  
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Figure 3-30: Damage factor for South America - transport. 
 
The shape of the damage function is nearly identical to the European function from 2 
meter flood depth. 
Based on the collected data a new ‘average’ damage function for transport is made.  
Table 3-15: Average continental damage function for South America - transport. 
Water depth (m) Damage factor 
0 0 
0.5 0.09 
1 0.18 
1.5 0.60 
2 0.84 
3 1.00 
4 1.00 
5 1.00 
6 1 
 
3.2.5 Infrastructure 
The results for Infrastructure are shown below. The adopted unit is, the most often 
reported, meters. 
 
Africa: 
 
No damage functions for infrastructure were found for Africa. Reported maximum 
damages for Mozambique were repair costs for national roads 1069 €/m (2010) and 
repair costs for national railways 203 €/m (2010). The average maximum damage value 
at 6 meter water depth is 24 €/m2 in Europe. 
This large damage costs for infrastructure in Mozambique may be assigned to the fact 
that the damage for Mozambique is reported per damaged kilometre, while in many 
sources the maximum damage is reported for all flooded kilometres of road and track. 
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Asia: 
Values for maximum damage in combination with damage functions have been found for 
Laos and Vietnam only. Therefore no figure on actual damage is presented here. 
However, from Vietnam a cost per meter of road is reported to be about 1 €/m in Ho Chi 
Minh City, assuming a width of 4 meters to convert from m2 to m units. From 
Bangladesh it is reported that the repair cost per meter of road are about 10 €/m. For 
Shanghai a value of 48 €/m is reported. 
The average maximum damage value in Europe is 24 €/m2 and the calculated average 
value of 17 €/m for Asia. 
The relative damage functions are shown on Figure 3-31 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
Figure 3-31: Damage factor for Asia - infrastructure. 
 
The shape of the damage function is almost identical to the European function. 
Based on the collected data a new ‘average’ damage function for transport is made.  
Table 3-16: Average continental damage function for Asia – infrastructure. 
Water depth (m) Damage factor 
0 0 
0.5 0.25 
1 0.42 
1.5 0.55 
2 0.65 
3 0.80 
4 0.90 
5 1.00 
6 1 
 
Oceania: 
No Infrastructure damage functions available for Oceania. 
The average maximum damage value for the class 'Infrastructure' is 29 €/m (2010) for 
Oceania compared to 24 €/m2 (2007) in Europe. 
 
North America: 
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No Infrastructure damage functions available for North America. 
The average maximum damage value for the class 'Infrastructure' is 158 €/m (2010) for 
North America compared to 24 €/m2 (2007) in Europe. In this case the extreme values 
have been left out as they deal with kilometres of damage roads instead of kilometres of 
flooded roads. 
The value of various other infrastructural items are described by HAZUS. These are 
shown in the Table below. 
Table 3-17: Additional data for North America - infrastructure. 
item value (Euro) 
Railway track 1179 per m 
Powerstation LV 7 857 142 per item 
Powerstation MV 15 714 285 per item 
Powerstation HV 39 285 714 per item 
Powerplant S 78 571 428 per item 
Powerplant M+L 392 857 142 per item 
 
South and Central America: 
No Infrastructure damage functions available for Oceania. 
No maximum damage values available for South and Central America. The average 
maximum damage value in Europe is 24 €/m2. 
 
3.2.6 Agriculture 
Brémond et al. (2013) have considered the most influential parameters on direct 
damage to agriculture. The flood parameters that can be used to construct damage 
functions for agriculture are the seasonality of the flood, water depth, duration, current 
velocity, deposits, contamination by pollution, and salinity of water.  
The most important flood parameter considered in the damage functions for agriculture 
in this study is flood depth. It is concluded by Bremond that this is generally a parameter 
used to assess damage to farm buildings and their contents when these are taken into 
account (Blanc et al., 2010). However, in this study buildings and infrastructure are 
assessed separately from agricultural crops. 
Seasonality is also considered to be one of the most influential parameters to assess 
crop damage. Nevertheless, Bremond concludes that this parameter is hard to use as it 
varies to crop, hemisphere and latitude. We do not include this parameter in this study. 
The third important parameter is flood duration to assess damage to crops and to plant 
material. The usual unit used is the number of days of submersion.  
The other parameters are being evaluated as much less influential as the first three 
mentioned above. 
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Africa: 
Figure 3-32: Damage per square meter for Africa - agriculture. 
 
The countries in the Figure 3-32 comprise South Africa only. The differences in the figure 
are small between the various crops. Wine has by far the highest maximum damage per 
square meter, while other crops show less difference. In Mozambique the damage is 
0.10 €/m2 for maize and rice. The average maximum damage value for the damage 
class 'Agriculture' is 0.16 €/m2 (2010) compared to 0.77 €/m2 (2007) in Europe. 
The relative damage functions are shown in Figure 3-33 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
Figure 3-33: Damage factor for Africa - agriculture. 
 
The average function for Africa deviates from the European function. However, this 
difference becomes significant after the flooding depth exceeds 1 meter. 
Based on the collected data a new ‘average’ damage function for agriculture is made.  
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Table 3-18: Average continental damage function for Africa - agriculture. 
Water depth 
(m) 
Damage factor 
0 0 
0.5 0.24 
1 0.47 
1.5 0.74 
2 0.92 
3 1.00 
4 1.00 
5 1.00 
6 1 
 
 
Asia: 
 
Figure 3-34: Damage per square meter for Asia – agriculture. 
 
The differences in the Figure 3-34 are relatively small. The upper function in the figure 
above comes from Bangladesh and runs up to about 0.05 €/m2 (2010). The two lower 
functions come from Cambodia and India and vary between 0.01 – 0.02 €/m2 (2010). 
The average maximum damage value for the class 'Agriculture' is 0.02 €/m2 (2010) in 
Asia compared to 0.77 €/m2 (2007) in Europe. 
The relative damage functions are shown on Figure 3-35 below. The recorded individual 
functions are not always running from 0 to 1, so they have been normalised to always 
end on 1.  
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Figure 3-35: Damage factor for Asia - agriculture. 
 
The shape of the Asian damage function for agriculture is not identical to the European 
function, as the Asian function is less steep until about 2 meters water depth. This may 
be due to the fact that rice (one of the main crops in Asia) is grown in water. After 5 
meters the differences becomes small. 
Based on the collected data a new ‘average’ damage function for agriculture is made.  
Table 3-19: Average continental damage function for Asia - agriculture. 
Water depth (m) Damage factor 
0 0 
0.5 0.17 
1 0.37 
1.5 0.51 
2 0.56 
3 0.69 
4 0.83 
5 0.97 
6 1 
 
Oceania: 
 
No Agriculture damage functions available for Oceania. 
The average maximum damage value for the class 'Agriculture' is 4.85 €/m2 (range 
0.003-19 €/m2) (2010) in Oceania compared to 0.77 €/m2 (2007) in Europe. 
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North America: 
Figure 3-36: Damage per square meter for North America – agriculture. 
 
All data is from USA and based on HAZUS. In the Figure 3-36 above the value of 
warehouse is the sum of structure and content. The average maximum damage for 
North America is 1324 €/m2 (2010) compared to 0.77 €/m2 (2007) in Europe. This 
difference is huge and may be contributed to the fact that HAZUS additionally includes 
damage to farms (buildings) and warehouses. 
 
The relative damage functions are shown below. The recorded individual functions are 
not always running from 0 to 1, so they have been normalised to always end on 1.  
 
Figure 3-37: Damage factor for North America - agriculture. 
 
As can be seen the shape of the damage factor for North America and the European 
function is nearly identical. 
 
Based on the collected data a new ‘average’ damage function for agriculture is made.  
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Table 3-20: Average continental damage function for North America - agriculture. 
Water depth (m) Damage factor 
0 0.02 
0.5 0.27 
1 0.48 
1.5 0.56 
2 0.61 
3 0.76 
4 0.88 
5 0.95 
6 1 
 
South and Central America: 
No Infrastructure damage functions available for South and Central America. 
No maximum damage values available for South and Central America. The average 
maximum damage value in Europe is 0.77 €/m2. 
 
3.2.7 Damage function shape analysis: an example 
It was investigated if variations in the degree of damage at a specific flood depth can be 
associated with other known characteristics of the flooded site. For example if, at a given 
depth level, there exists a consistent difference in damage between the urban and rural 
areas. The analysis aimed to find a significant statistical relation between the curvature 
of the damage functions and control variables like WDI-parameters (for example GDP 
per capita).  
As an initial reconnaissance two different possibilities were investigated for the damage 
class residential buildings:  
1. individual functions for all available countries versus GDP per capita, 
2. averaged national functions for all available countries versus GDP per capita 
The results of the calculations are presented in Figure 3-38 below. 
Included are two flood levels (1.0 and 2.0m) for the case including all individual 
functions and three flood levels (0.5, 1.0 and 2.0m) for case dealing with country 
averaged functions. 
The goodness of fit value (R2) was observed for different combinations of the indicators, 
as well as for subsets of the data (eg developed vs developing countries). Also the fit 
with the only one curve per country versus GDP per capita was checked. 
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Figure 3-38: Analysis of the relationship between the curvature of the damage curves 
and the regional characteristics. 
Graphical represenatation Description 
 
o flood depth 1 m 
o damage factor vs GDP/capita 
o all collected functions 
o all countries 
o R2 = 0.0029 
 
o flood depth 1 m 
o damage factor vs GDP/capita  
o all collected functions 
o poor countries (note Y-axis range) 
o R2 = 0.0297 
 
o flood depth 1 m 
o damage factor vs GDP/capita  
o all collected functions 
o rich countries (note Y-axis range) 
o R2 = 0.0039 
 
o flood depth 2 m 
o damage factor vs GDP/capita  
o all collected functions 
o all countries (note Y-axis range) 
o R2 = 0.0136 
 
 
o flood depth 2 m 
o damage factor vs GDP/capita  
o all collected functions 
o poor countries (note Y-axis range) 
o R2 = 0.0136 
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Graphical represenatation Description 
 
o flood depth 2 m 
o damage factor vs GDP/capita  
o all collected functions 
o rich countries (note Y-axis range) 
o R2 = 0.0136 
 
o flood depth 0.5 m 
o damage factor vs GDP/capita  
o country average functions 
o R2 = 0.0181 
 
o flood depth 0.5 m 
o damage factor vs GDP/capita  
o country average functions 
o R2 = 0.0021 
 
o flood depth 0.5 m 
o damage factor vs GDP/capita  
o country average functions 
o R2 = 0.0029 
 
The results on Figure 3-38 show a cloud without detectable (linear) relation, with R2 
nearly zero. There is also little indication of significant correlation for other WDI 
indicators or for industrial/commercial damage classes. It probably takes more detail to 
explain the damage factor at various flood depths than simple application of GDP per 
capita, however, the detailed data is not available to pursue the investigation at this 
stage. 
 
3.3 Maximum damage values 
Maximum damage values for the various classes are described in section 3.2 and are 
summarized in the Table 3-21 below. The values are for price level 2010, except for 
Europe, which represents price level 2007. The values in the Table below are the 
continental-average maximum damage values.  
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Table 3-21: Average maximum damage value per continent [Euro/m2 – 2010]. 
Damage class Africa Asia Oceania N America SC America Europe 
Residential buildings 495 111 541 788 215 750 
Commerce - 138 506 1889 213 621 
Industry 120 114 - 1830 137 534 
Transport - 209 - - - 751 
Roads 267 4 7 39 - 24 
Agriculture 0.12 0.03 4.85 662 - 0.77 
The values which are considered as requiring further research (they show considerably 
higher values than other countries) are presented in underlined italic font. 
The data can also be presented as national maximum damage values, as collected in the 
following Table 3-22.  
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Table 3-22: Average maximum damage value per country [Euro/m2 – 2010]. 
Damage class: Residential Commerce Industry Transport Infrastructure Agriculture 
Africa 
Mozambique 283    267 0.1 
South Africa 765  120   0.18 
Asia 
Cambodia 24     0.01 
Bangladesh 25 144 92  2.5 0.05 
China 984 1274 1741 414 12  
Taiwan 131      
India      0.01 
Indonesia 6 29 27 4  8 
Thailand 1  245   0.02 
Laos       
Vietnam 7 15   0.25 0.1 
Japan  332     
Oceania 
Australia 541 506   7 4.8 
North America 
Canada       
USA 788 1889 1830  39 662 
Central and South America 
Brazil 105 90 29 23   
St. Maarten 326 254 191    
Europe 
Belgium 792     0.55 
Czech Republic  130 130    
Denmark 259      
France  261 257    
Germany 526 362 203    
Hungary       
Netherlands 717 106 106 691 60 1.55 
Norway 729 1254 1254  14  
Switzerland     12  
United Kingdom 1475 1615 1255 812 11 0.2 
It is clear from Table 3-21 and Table 3-22 that the maximum damage values are 
strongly varying between countries and between continents per damage class. This 
relates to different assumptions and definitions in reported cases. 
It is for this reason that alternative approach has been developed to define maximum 
damage values for the classes residential, commercial and industrial buildings, 
agriculture and roads. The alternative approach is elaborated in the next sections. 
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3.3.1 Residential, commercial and industrial buildings 
In this section, country specific maximum damage values for residential, commercial and 
industrial buildings are calculated. With damage curves differentiated per continent, 
these maximum damage values will be used to calculate country-specific damage values 
(also within the same continent).  
From the literature review (section 2.2), the damage curves have been derived per 
continent (section 3.1). Many of the literature sources also provide maximum damage 
values. There are, however, two reasons why maximum damage values from the 
literature review should not be used directly: 
1. maximum damage values are not available for every country, and 
2. maximum damage values show a significant variation.  
This second point can be due to various reasons, for instance: object vs. land use; 
unknown objects size; various types of residential, commercial, industrial objects used 
(e.g. rural house, apartment, various quality of buildings, offices, warehouses, stores, 
factories, etc.); different ways of determining a maximum damage figure by different 
sources; based on a damage factor ranging to one or not; inclusion of basements; etc.  
As a result, there are significant differences between maximum damages from different 
national models making it difficult to form them into a consistent global dataset. 
Therefore, in this study, a different approach based on regression analysis of the 
construction costs is used in order to generate a consistent global set of maximum 
damage values for buildings. In order to derive maximum damage estimates, the 
following steps have been followed in the next three sub-sections: 
1. Identification of construction costs of buildings (various types) for as many countries as 
possible (section 3.3.1.1); 
2. Calculation of construction costs for typical residential, commercial and industrial buildings 
using average building stock as weighing between building types (section 3.3.1.2) 
3. Regression analyses to extrapolate construction costs to all countries based on socio-
economic parameters from World Development Indicators (WDI) (section 3.3.1.3). 
3.3.1.1 Construction cost of buildings 
International construction cost surveys form a source of information for damage in terms 
of reconstruction costs. International construction costs are available for many different 
countries and classes, including residential, commercial and industrial buildings.  
In the literature three sources have been found: Turner & Townsend (2013), Gardiner & 
Theobald (2012), and EC Harris (2010, 2012). For the purpose of this study, 
construction costs for residential, commercial and industrial buildings are required. 
Turner & Townsend (2013), EC Harris (2010) and Gardiner & Theobald (2012) provide 
construction costs per m2 for different types of buildings for many countries, and EC 
Harris (2012) provides a range of index numbers related to different building types. 
More detailed information can be found in the following Table 3-23. 
 
Table 3-23: Details of sources for construction costs of different building types. 
Turner & Townsend (2013) 
23 countries 
Australia, Brazil, Canada, China, Germany, Hong Kong, India, Ireland, 
Japan, Malaysia, Netherlands, Oman, Poland, Qatar, Russia, Singapore, 
South Africa, South Korea, UAE, Uganda, UK, US, Vietnam 
27 building types 
o Airports: domestic terminal, low-cost carrier 
o Carparks: above ground, below ground 
o Commercial: Offices, CBD up to 20 floors, CBD prestige 
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o Education: School, University 
o Hospitals: day centre, regional hospital, general hospital 
o Hotels: 3-star, 5-star, resort style 
o Industrial: warehouse/factory, warehouse/distribution, high-tech/lab 
o Residential: individual detached, individual prestige, townhouse, apartments, 
apartments high rise, aged care/affordable units  
Gardiner & Theobald (2012) 
32 countries 
Belgium, Bulgaria, Cyprus, Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Ireland, Italy, Netherlands, Norway, Poland, 
Romania, Slovakia, Spain, Sweden, Switzerland, United Kingdom, China, 
Hong Kong, India, Indonesia, Kenya, South Africa, Sri Lanka, Turkey, UAE, 
Ukraine, USA 
8 building types 
Incl. low and high 
estimate per building 
o City centre heated office 
o City centre air-conditioned office 
o Factories, warehouse, industrial 
o Business park 
o High-rise apartments 
o Shopping centre 
o High quality city hotel 
o Suburban hotel 
EC Harris (2010) 
51 Countries 
Austria, Belgium, Bosnia & Herzegovina, Bulgaria, Croatia, Czech Republic, 
Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Latvia, 
Macedonia, Netherlands, Poland, Portugal, Romania, Russia, Serbia, 
Slovakia, Spain, Sweden, Switzerland, Turkey, UK, Ukraine, Abu Dhabi, 
Bahrain, Oman, Qatar, Saudi Arabia, China, Hong Kong, Indonesia, 
Malaysia, Singapore, South Korea, Sri Lanka, Taiwan, Thailand, Cameroon, 
Egypt, Ghana, South Africa, Australia, Canada, New Zealand, USA 
48 building types with 
high and low estimates 
per type 
o Industry: Industrial Units (shell only); Purpose Build Industrial units (incl. services); 
High bay distribution units; Chilled distribution warehouses. 
o Offices: Traditional low rise offices; Business Park development; High rise offices; 
Medium rise offices; Office fit out; Office refurbishment. 
o Retail: Underground car parks; Multi storey car parks; Supermarkets – shell only; 
Supermarket – fitting out; Retail warehouses; Shop units; Shopping centres – retail 
areas; Shopping centres – landlords back-up; Shopping centres – malls. 
o Health: General hospitals; Health centres; Old people's homes; Nursing homes / 
hospices. 
o Leisure: Restaurants – shells; Restaurant / Food court; Theatres; Multi-screen 
cinemas; Sports / leisure centres; Swimming / leisure pools; Community centres. 
o Education: Schools (primary and secondary) 
o Residential: Houses – social; Houses – speculative private estate; Houses – private 
high quality; Houses – luxury; Apartments – social; Apartments – private high 
standard; Apartments – private luxury; Sheltered housing; Students' residences. 
o Hotels: Hotels – budget; Hotels – mid market (low); Hotels – mid market (top); 
Hotels – luxury. 
EC Harris (2012) 
53 Countries 
Austria, Belgium, Bosnia & Herzegovina, Bulgaria, Croatia, Czech Republic, 
Denmark, France, Germany, Greece, Hungary, Italy, Latvia, Macedonia, 
Netherlands, Poland, Portugal, Romania, Russia, Serbia, Slovakia, Slovenia, 
Spain, Sweden, Switzerland, Turkey, UK, Ukraine, Qatar, Saudi Arabia, 
UAE, Algeria, Ghana, Morocco, Tunisia, South Africa, China, Hong Kong, 
India, Indonesia, Japan, Macau, Malaysia, Philippines, Singapore, South 
Korea, Taiwan, Thailand, Vietnam, Australia, Canada, New Zealand, USA 
Range of index based on 
44 building types 
Index based on the UK=100 
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From the sources identified, EC Harris (2010) and Turner & Townsend (2013) provide 
information on all three categories and, correspondingly, will be used in the analyses. 
Gardiner and Theobald (2013) has not been used because it does not include data for 
regular residential buildings (only for high-rise apartment buildings) and EC Harris 
(2012) has not been used as no absolute figures are given.  
 
3.3.1.2 Building stock as weighting criterion 
In order to derive average building cost estimates for generic residential, commercial 
and industrial buildings, the detailed construction cost estimates from EC Harris (2010) 
and Turner & Townsend (2013) have been aggregated into a single estimate for a 
commercial building. For the weighting criterion use has been made of studies on 
building stocks in Europe (BPIE, 2011) and the United States (Deru et al, 2011). These 
studies were related to estimating energy consumption and give estimates in terms of 
the percentage of floor space of different building types (see Figure 3-39). Note that 
these studies show that there is considerable variation between countries. For example, 
the percentage of single family houses in Europe is on average 64%, but most countries 
fall in a range between 50% and 80% (i.e. +/- 15%).  
  
Figure 3-39: Percentage of floor space of various building types in Europe. 
 
source: BPIE (2011) 
 
As both studies yielded comparable results in terms of percentages of floor space 
between different types of buildings, these findings have been used to derive weights for 
aggregating the data from the construction cost surveys presented in Table 3-24 below. 
For industrial buildings, almost equal weights have been used between the (couple of) 
industrial building types present as no information on industrial building stock was 
found. 
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Table 3-24: Generic weights for different building types. 
Residential 
% 
Commercial (non-residential) 
% 
Single Family 65 Shops/malls 15 
Apartments 35 Warehouse/storage 15 
 Offices 25 
Education 15 
Hotels/Restaurants 10 
Hospitals 5 
Other (public/sport) 15 
 
3.3.1.3 Regression analysis 
The construction cost surveys of EC Harris (2010) and Turner & Townsend (2013) report 
on building costs per m2 of different types of residential, industrial and commercial 
buildings in a consistent way, covering dozens of countries. They form an excellent 
source to derive a consistent set of maximum damage estimates. The process covered 
the following steps: 
 
Correlations 
Correlation coefficients are calculated for all combinations of WDI indicators (1300+) and 
the three construction costs of both EC Harris and Turner & Townsend (separately to 
avoid overlap issues). This shows that usually between 150-200 WDI indicators correlate 
significantly with the construction costs. However, in many cases the indicators are very 
similar (many variations on GDP, GNI) or auto-correlated. Some interesting indicators 
are identified, such as Interest payments (% of expense), Net official flows from UN 
agencies, UNDP (current US$), or Deposit interest rates.  
 
Regression analyses 
In the subsequent regression analyses it is found that GDP per capita alone explains 
most of the variance. Some combinations add significant extra explained variation, for 
instance including Interest Payments. However, the increase is not large (R2 increased 
from 0.704 to 0.736). More importantly, regression plots show that particularly at lower 
construction cost levels (i.e. in poorer countries) applying GDP and Interest Payments 
results in a better fit, as shown on Figure 3-40. 
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Figure 3-40: Plots comparing the regression results of regression with only GDP/capita 
(top panel) and regression using both GDP/capita and Interest Payment (bottom panel). 
 
However, whilst such combined regression analyses yields better results, the spatial 
coverage in terms of countries for which such WDI indicators are available is often poor. 
Some very promising WDI indicators are only available in 20% of the countries. As the 
goal is to derive estimates with a global coverage, it is desirable to use only indicators 
with (near-) global coverage. 
 
Power function fit 
Using only GDP per capita as the explaining factor for construction costs results in 
overestimations of construction costs in poorer countries having low construction costs 
(Figure 3-40).  
To overcome this issue, non-linear functions were fitted in order to see if such functions 
would improve results. This was done on the combined datasets of EC Harris (2010) and 
Turner & Townsend (2013), where overlapping countries were treated as two separate 
data points (with the same GDP per capita), resulting in just over 70 data points (Figure 
3-41).   
Eventually, power-functions with exponents smaller than one yielded the best results, 
resulting in substantially higher R2 values as compared to linear regression.  For example 
the R2 value in case of residential buildings increased from 0.64 for linear fit to 0.77 for 
the power function fit. The results of the power function fit are shown below in Table 
3-25 and in Figure 3-41.  
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Table 3-25: Power law functions (y = axb) for the three building classes; with y 
corresponding to construction cost in Euro/m2 (2010), x to GDP/capita in US$ (2010), 
and a and b being the coefficients of the fit. 
Class a b R2 
Residential 24.1 0.385 0.77 
Commercial 33.6 0.357 0.80 
Industrial 30.8 0.325 0.71 
 
Figure 3-41: Power function fits for residential(a), commercial(b) and industrial (c) 
construction costs [Euro/m2, 2010] 
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Using the fitted power functions, maximum damages can be calculated for all countries 
having a known GDP per capita. 
  
Discussion 
Overall, the fit is quite good, with R2 values above 0.75. Nevertheless, there is clearly 
some spread around the fit. To possibly reduce the observed variation, it was explored 
whether grouping of countries would be possible, based on some other socio-economic 
indicator (such as the percentage of urbanisation). 
At first sight, no specific groups of countries stand out above and below the current fit. 
For instance, Qatar (QAT) is clearly below the fit, whereas other Middle Eastern countries 
(United Arab Emirates, Bahrein, Saudi Arabia) are on or clearly above the fit. The same 
goes for other ‘logical’ groups such as Eastern European or North-western European 
countries. It is also clear that in some cases the double entries for a single country (i.e. 
construction costs estimated from two different sources, resulting in two data points) 
can be considerably apart (i.e. Germany and Poland). 
To systematically see if a factor can be found to create different groups for differentiated 
fits, the relative difference of each data point with the fit has been estimated (similar to 
the error estimation). This relative difference has correspondingly been used to calculate 
correlation coefficients with all WDI indicators. Indicators for which a relatively high 
correlation coefficient was calculated, and had a reasonable sample size, were then 
investigated to see whether differentiated fits would make sense.  
WDI indicators explored for this were: 
o Tariff rate, applied, weighted mean, manufactured products (%) 
o Percentage Urban (%) 
o PPG, bonds (DOD, current US$) 
o Employees, industry, female (% of female employment) 
o School enrolment, secondary (% net) 
o Customs and other import duties (% tax revenues) 
Using these indicators, the residential fit (top graph on Figure 3-41) has been split in two 
groups in order to investigate if the samples of the data would estimate improved fits. 
Graphically, this would result in a group that is clustered above the fit-line, and a group 
that would be clustered below the fit-line.  
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Results for splitting are included in Figure 3-42 below. 
 
Figure 3-42: Splitting the construction costs for residential construction costs [Euro/m2 
- 2010] versus GDP/capita [US$ - 2010]. 
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Unfortunately, there was no improved fit to be found for any indicator. In all cases, 
except for the 'Customs and other import duties' the R2 of the power function fits for the 
individual groups were lower than for all the data (i.e. below 0.77). For the 'Customs and 
other import duties' indicator, one of the two fits was better but the other one was 
lower. Coupled with the relatively large amount of countries with no data (grey dots), an 
approach differentiating countries using these indicators would not improve the overall 
results. 
 54 
 
 
3.3.1.4 From construction costs to maximum damage 
Various adjustments are necessary in order to compute the maximum damage values 
from the construction costs; these are described in the following sub-sections. 
 
Depreciated Values 
Construction costs need to be adjusted in order to reflect maximum flood damages, as 
these are related to reconstruction costs and for most analyses depreciated values (i.e. 
current remaining value instead of new value) are needed, rather than replacement 
values (Merz et al., 2010). The translation from replacement costs to depreciated value 
is done using a conversion factor of 0.60, based on World Bank (2000), Frenkel & John 
(2002), Messner et al. (2007) and Penning-Rowsell et al. (2010), who quote values of 
0.63 (Mozambique, Germany) and 0.5 (UK rule of thumb). Note that for some purposes 
it is better to use full reconstruction costs, for instance when an individual company is 
studied (Messner et al., 2007), or for insurers in case the policies in the contracts which 
are based on replacement costs which should be paid out. Therefore, the conversion 
factor in the accompanying Excel file is set as an adjustable parameter. 
 
Contents and Inventory 
The construction costs data only refers to the costs related to the building itself 
(including fittings and such). However, flood damage also comprises damage to the 
content of the buildings. In various national models, use is made of percentages of the 
building damage for damage to contents or inventory. For instance, the HAZUS model 
uses damage values of 50% for residential contents, ~100% for commercial contents, 
and ~150% for industrial contents (Scawthorne et al., 2006; FEMA, 2013: Table 14.6). 
Several other studies also suggest that residential content is roughly half of the value of 
the building structure (De Moel et al., 2014; Kok et al. 2005; Vanneuville et al. 2006; 
Penning-Rowsell et al. 2010). For a global methodology, we will therefore use the 
following percentages for maximum damage to contents/inventory (Table 3-26). In the 
accompanying spreadsheet, these numbers are adjustable by the user to allow for 
maximum flexibility and future knowledge on this subject to be easily integrated. 
 
Table 3-26: Contents damage as % of building damage. 
Class 
Contents damage 
(as % of building damage) 
Residential 50 
Commercial 100 
Industrial 150 
 
Object vs. land-use 
The derived maximum damage values relate to individual objects and their content. 
However, in many studies, especially when working at a large scale/low resolution, there 
is no spatial information on actual building footprints, but rather information on land-use 
(e.g. residential land use, comprising houses, but also the open spaces in between). To 
account for this, an estimate of the density of buildings is necessary (ratio of the area of 
actual building footprints over the total area). Generally, the density is accepted to range 
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between 20% and 30%, though this can vary of course between downtown (higher 
density) and more rural residential areas.  
 
Undamageable part 
Comparing the maximum damage estimates with those of studies around the globe and 
the previous EU study (section 4.2.1) shows that for buildings build of more water 
resistant material (i.e. concrete, bricks) there seems to be a substantial part of the 
construction costs that will never be damaged. Correspondingly, many functions 
asymptote to e.g. 60%, indicating a 40% portion that is undamageable and should thus 
not be included in the maximum damage estimate used in the flood damage 
assessment. 
 
3.3.2 Infrastructure 
From the literature review, maximum damage values for infrastructure have been 
recorded per continent (section 3.1). The number of available maximum damage values 
is rather low (about 10 individual recorded values over all continents) and varying 
strongly due to different methods of determining maximum damage, as illustrated in 
Table 3-27. 
Table 3-27: Countries having maximum damage values for Infrastructure (roads) 
damage class. 
Continent / country Euro/m2 
(2010) 
Africa 
Mozambique 267 
Asia 
Bangladesh 2.5 
China 12 
Vietnam 0.25 
Oceania 
Australia 7 
North America 
USA 39 
Central and South America 
none  
Europe 
average 24 
As a result, there are significant biases between maximum damages from different 
national models making it difficult to form them into a consistent global dataset. 
Therefore, this study applies values from the European study (Huizinga, 2007) because 
the average maximum damage value reported by Huizinga has an identical magnitude of 
values compared to the USA and China. Moreover, the specifications of the European 
average are well known.  
The average value in Europe is 24 Euro/m2 for five countries with a long established 
track-record on damage assessment. These countries are: United Kingdom, Germany, 
Netherlands, Belgium and France. The price level of the reported maximum damage 
value is 2007.  
The procedure applied to update the maximum damage value for roads in Europe is: 
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1. Convert maximum damage value to price level 2010 by applying average CPI increase of the 
five countries (World Bank, 2014) 
2. Calculate GDP/capita (2010) in UDS2015 by calculating average GDP/capita 2010 for the five 
different countries - World Bank website (2015). 
 
Table 3-28: Update factors considering European maximum damage values for roads. 
Country CPI (2010/2007) GDP/capita (2010) 
 - US$ (2015) 
UK 1/0.92 38 293 
Germany 1/0.95 41 788 
Netherlands 1/0.95 50 341 
Belgium 1/0.94 44 283 
France 1/0.96 40 706 
average 1.0595 43 082 
 
The maximum damage to be used for roads is 25.2 Euro/m2 corresponding to a 
GDP/capita of 43 082 US$. 
If the GDP/capita of a country under consideration is known, than the maximum damage 
can be recalculated according to the GDP/capita(2015)-ratio of the global maximum 
damage value and the national value. 
 
3.3.3 Agriculture 
For the determination of maximum damage values to agricultural crops a different 
approach has been devised. Agricultural crop damage is related to a loss in output when 
crops are destroyed by the flood10.  
Therefore, the methodology is based on the value added is calculated per hectare. From 
the World Development Indicators (WDI) the following two variables have been 
extracted for all (214) countries, and the years 2008–2012: 
o Agricultural land (sq. km) 
o Agriculture, value added (current US$) 
Subsequently, the VA per hectare was calculated, and an average of the five years was 
computed to minimise a single-year deviations. The resulting values for the Value Added 
(US$) per hectare (VA/ha) are given in Appendix A. 
 
Value added per hectare 
Of the 214 countries 37 do not have values, which relates mainly to very small countries 
like Andorra, Bahrain, Kosovo, pacific islands, etc. The agricultural VA/ha ranges 
between 9 US$ (Mongolia) to 122 070 US$ (Singapore). Most numbers ranged in the 
order of a couple of hundred to a couple of thousand US$.  
Table 3-29 shows the highest VA/ha countries: 
                                           
10 Agricultural buildings and infrastructure are considered separately, not as part of the 
damage class Agriculture. 
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Table 3-29: Countries showing the highest value addition per hectare in agriculture. 
Country VA/ha (US$) 
ha 
(2008-2012) 
Singapore 122070 7 
Bermuda 59263 7 
Hong Kong SAR, China 25346 51 
Malta 14201 99 
Japan 13841 45880 
Korea, Rep. 13788 17858 
Maldives 13205 70 
Bahamas, The 11789 142 
Brunei Darussalam 8630 118 
Egypt, Arab Rep. 7892 36358 
Seychelles 7411 30 
Netherlands 7261 18984 
Israel 6588 5199 
United Arab Emirates 6020 4258 
Aruba 5602 20 
Norway 5416 10069 
Two countries stand out with very high VA/ha: Singapore and Bermuda. These countries 
have a very small area devoted to agriculture. Singapore, for instance, mainly grows 
high-value fruits (e.g. mangos) and flowers (e.g. orchids). As a result, the value per 
hectare is relatively high as compared to other countries which produce bulk food like 
grains. Correspondingly, these values will be taken as calculated. 
 
3.4 Conclusions and recommendations 
In this chapter the damage functions and the corresponding maximum damage values 
for various damage categories have been described. 
Continental damage functions are average functions of all normalized available functions 
per continent identified from the literature review. Continent specific functions should be 
used for all countries within a continent.  
It is recommended to use (average) maximum damage values from the literature review 
when performing damage calculations within a country. This can be for a country with 
known maximum damage values or a country with maximum damage values derived 
from the continental maximum damage average. In the latter case the derivation can be 
based on scaling the maximum continental damage value with the GDP ratio of the 
continent and the GDP of the country under consideration (Huizinga 2007).  
At the global scale, the maximum damage values from the literature review show 
significant variation. This can be due to various reasons, for instance: object vs. land 
use; unknown objects size; various types of residential, commercial, industrial objects 
used (e.g. rural house, apartment, various quality of buildings, offices, warehouses, 
stores, factories, etc.); different ways of determining a maximum damage by different 
sources; based on a damage factor ranging to one or not; inclusion of basements; etc. 
As a result, there are significant biases between maximum damages from different 
national models making it difficult to form them into a consistent global dataset. 
Therefore it is no advisable to compare damage assessment results for different 
countries based on maximum damage values taken from literature. 
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An alternative approach has been developed in order to overcome these problems and 
generate a consistent global set of maximum damage values for various damage classes. 
The datasets containing maximum damage values based on construction costs, 
agricultural yield per hectare and infrastructure in Europe are best suited to be used 
when performing and comparing damage assessments internationally (for example when 
comparing the effects of flooding coastal cities).  
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4 Uncertainty and validation 
Uncertainty in damage estimation draws on several factors, including: 
1. Uncertainty in the damage functions; 
2. Uncertainty in maximum damage values; 
3. Uncertainty in the (observed or calculated) flood extent and flood depth; 
4. Uncertainty in the modelled land use. 
This chapter addresses the first three items, as land use data is not provided. 
 
4.1 Uncertainty in damage functions 
Continental damage functions are designed by taking the average of all normalised 
damage functions on a continent from the literature review. The uncertainty in the 
continental damage functions can be described using function specific uncertainty bands, 
based on the sample standard deviation of its constituting functions. An example is given 
for Asia in Figure 4-1.  
Figure 4-1: Example damage function with uncertainty bands. 
 
 
In the above Figure the red solid line represents the continental average damage 
function based on all normalized Asian damage functions. The dashed red line is the 
average value plus one standard deviation and the dashed purple line is the average 
value minus one standard deviation. As all normalized functions in Asia have a damage 
factor of zero at zero meter flood depth and a damage factor of one at six meter flood 
depth, the calculated standard deviation of the damage factor at these points is zero.  
 
4.2 Uncertainty in maximum damage 
The first part of this section compares the maximum damage estimates based on the 
regression analysis with maximum damage values from the literature survey of global 
damage models, while in the second part of this sections uncertainty bands are 
formalized based on the fit of the regression of construction costs.  
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Comparison with the literature  
 
Comparison with the non-European studies 
Table 4-1 below compares the maximum damage for class residential from various 
studies with the estimated maximum damage using the power fit. As different studies 
have different baselines (building, land-use, with/without content) the appropriate value 
from the estimated maximum damage values was chosen. Also some information from 
the studies has been added: up to what fraction the curves reach, up to what water 
depth, and the basis on which the maximum damage was determined by the study. 
Comparison of the numbers shows that the estimated numbers are often higher than 
compared to the numbers from the literature survey, which, however, is not consistent 
across the board. Australia and USA are for instance very similar to the estimated value, 
and Japan appears underestimated.  
 
Table 4-1: Recorded maximum damage values from literature versus reconstruction 
costs based values. 
 
The scatter plot (Figure 4-2) of the maximum damage underscores the variation present 
in the data. 
Figure 4-2: Literature review max damage for residential versus estimated maximum 
damages. 
 
Whilst reviewing the existing literature, it was found that there are many degrees of 
freedom which will cause variation. For instance, not all curves go up to 100% (see 
Base Estimated Literature Max fraction Max depth Type data Source
Africa €/m2 €/m2
Mozambique Building (incl.) 193 156 n.a. n.a. Post-flood estimation World Bank, 2000
South Africa Building 442 765 n.a. 5.4 Earlier, emperical studies Villier et al. 2007
Asia
Cambodia Building (incl.) 245 50 n.a. n.a. Estimation Shresta et al, 2014
Bangladesh Building (incl.) 242 135 0.1 - 0.6 2.44 Based on survey Nabiul Islam 1997
Indonesia Land-use based 94 24 0.6 - 0.8 2 Based on expert workshop Budiyono 2015
Vietnam Building (incl.) 231 15 1 5 Based on Survey Lasage et al., 2014
Japan Building 881 1250 0.6 6 Based on empirical database Dutta et al, 2003
Oceania
Australia Building (incl.) 946 900 n.a. 4 Combi old emperical data and expert judgement Sargent, 2013
North America
United States Building 921 1045 0.6 7.3 Based on empirical data US HAZUS technical manual
SC America
Brazil Building (incl.) 676 110 n.a. 2.8 Statistically derived from empirical data Machado et al., 2005
Sint Maarten Building (incl.) 711 265 n.a. 2 Assigned without source Vojinovic et al., 2008
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section 3.3.1.4 for the undamageable part discussion). Sargent (2013) also explicitly 
states that the building material of houses determines heavily the costs of 
reconstruction, pointing out houses with a wooden frame need to have their walls 
stripped out after flooding for the wood to dry. Concrete or brick walls can be expected 
to be much less affected (up to virtually inalterable). Also the study from Nabiul Islam 
(1997), based on extensive field work, shows that  building material has a large effect 
on maximum damage values, showing a difference of about 7 times between brick and 
mud houses.  
In addition, different studies are based on different ranges of water depth. Many studies 
do not address water depths over 3 meters. Correspondingly, any damage to the first 
floor above the ground floor will not be part of the value. HAZUS illustrates that there is 
a split in damage of about 60/40% between the first and the second floor. Hence a 
substantial part of the possible flood damage is not grasped when water levels do not 
exceed 2.5-3 meters. 
Lastly, different studies are based on data with different socio-economic backgrounds. 
Some studies are based on (dense) urban areas, but other studies have targeted more 
rural areas (usually accompanied by less resistant building material; Nabiul Islam, 1997) 
or informal settlements (uncontrolled urban sprawl, with much lower building standards; 
Budiyono et al., 2014). Also within urban fabric houses of different socio-economic 
classes can be distinguished (as shown by Machado et al. 2005). All these factors affect 
the maximum damage estimates in individual studies, complicating direct comparisons. 
 
Comparison with the European countries 
The estimated maximum damage values have also been compared with the results from 
the study by Huizinga (2007) on European flood damage functions. Estimates of building 
damage from 2007 and those of CORINE class 112 (urban fabric) have been compared 
to the ‘land-use’ estimates from the regression analysis. The results are shown the 
scatter plots below.  
 
Figure 4-3: Literature review max damage for residential versus calculated maximum 
damages. 
 
 
 
Both plots are based on the same dataset, only in the left plot the two extremes from 
the right plot have been left out. 
The results usually line up very well, which can be attributed to the fact that both are 
based on GDP/capita. However, in absolute terms the maximum damage for buildings is 
considerably higher for the estimates based on the construction costs as opposed to the 
2007 study. For the land-use based estimates the agreement seems much better, but 
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this is probably due to the fact that the land-use estimates are based on 20% building 
area, where the CLC-112 estimate is based on almost 50% residential. This 
overestimation could be the result of an inalterable part of the construction cost for 
European buildings. When a 40% inalterable portion is taken into account (based on 
many curves going up to 60% damage), there is actually good correspondence between 
the 2007 study and this study. 
 
Conclusion 
The estimated maximum damage values are based on full construction costs of urban 
houses. Whilst this provides a consistent solid basis for damage estimation, these figures 
are often relatively high for flood damage studies. In countries where houses are 
primarily constructed by very resistant material, this will give an overestimation as even 
in very dramatic situations not everything needs to be reconstructed (i.e. in many 
European countries). On the other hand, in countries where a large proportion of the 
building stock is not urban and may consist of less resilient material or lower building 
standards, there may not be an inalterable part (i.e. maximum damage equals 
reconstruction costs without inalterable part), but the (re-) construction costs (and thus 
maximum damage) will be lower because of the lower grade material and standards. 
Therefore, some extra modifiers have been included in the Database for the user to fine-
tune the damage assessment towards the study-specific conditions. It is advised to use a 
non-damageable portion of around 40% as a basis for urban settings around the globe. 
 
Uncertainty in maximum damage estimates 
The uncertainty presented in the estimates of maximum damages has been assessed by 
comparing the estimated construction cost values with the original construction cost 
values11. As maximum damage estimates relate linearly with these construction costs, 
relative errors herein can also directly be applied on the maximum damage estimates.  
 
Uncertainty in construction cost  
In total, there are 72 industrial or 73 residential/commercial unique construction costs 
from the combined datasets of EC Harris (2010) and Turner & Townsend (2013). These 
can directly be compared to the construction costs estimated using the derived power 
function fit. For this, the difference of each data point with its original has been 
calculated using the following formula: Estimated/Original-1. The resulting differences 
have been summarized in Table 4-2 and the results for residential buildings are 
visualized in Figure 4-4.  
 
Table 4-2: Summary of the differences between the estimated and original construction 
costs. 
Class Average difference 
Standard deviation of 
difference 
5% 95% 
Residential 0.03 0.27 -0.28 0.53 
Commercial 0.02 0.22 -0.31 0.35 
Industrial 0.03 0.26 -0.3 0.53 
 
As can be noted in Table 4-2, the average difference is slightly above zero, indicating a 
small overestimation. Histograms of this difference (Figure 4-5) also show that this 
                                           
11 As the unique number of construction costs for industrial, residential and commercial 
are each over 70, it was assumed that excluding a sample from estimation and then 
comparing against the estimated values should have little added value. 
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difference is not completely normal distributed, but rather skewed to the right (except 
for commercial, which is quite close to a normal distribution). Correspondingly, using 
standard deviations as an indicator for the uncertainty can lead to errors (specifically 
underestimations at the lower end). Therefore, we will describe the uncertainty in the 
estimated construction cost (and thus in maximum damage) using an interval with 
percentiles. Using the 5% and 95% percentiles a 90% confidence range can be given 
using the values in Table 4-2. 
Figure 4-4: Plot of estimated vs original construction costs for residential buildings. 
 
 
Figure 4-5: Histograms of the differences between the estimated and original 
construction costs of all three classes. 
 
 
 
 
 
 
 
 
4.3 Validation using historical flood events 
4.3.1 Introduction 
Several sources provide data on flood events all over the world. Examples are the 
Dartmouth Flood Observatory (http://floodobservatory.colorado.edu), Copernicus-
Emergency Management Service (http://emergency.copernicus.eu) and UNOSAT from the 
UN:  http://www.unitar.org/unosat).  
These organisations provide detailed maps showing delineated flood areas. This section 
explored feasibility of using this data in conjunction with other sources of information to 
validate the depth depth-damage functions and maximum damage functions that have 
been developed in the current study. 
Depth damage functions represent the relation between hydraulic parameters (at least 
water depth) and economic damage of certain types of assets. Thus, the following 
information is needed to verify damage functions by a particular flood event: 
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1. Exposure (number of assets and its asset values); 
2. Maximum flood depth (pattern of the maximum flood depth variation over the full flood 
extent); 
3. Recorded damage (reported total damage of the flooded area). 
 
4.3.2 Data sources to provide validation information 
This paragraph describes the information needed to perform validation more in detail. 
 
Exposure 
The number of affected buildings, infrastructure, or other assets can be found by 
analysing satellite images. However, the flood duration may range from days to months 
and the flood extent may shift geographically during this period. This means that one 
needs many satellite images to cover the full flooding period. The type of assets must be 
known to assign the correct damage functions. This cannot be derived from satellite 
images alone, detailed GIS data must be available for the area under consideration. 
 
Maximum flood depth 
Maximum flood depth cannot be derived from satellite images, as there is no one-to-one 
relationship between flood extent and flood depth, let alone maximum flood depth and 
flood extent (Huizinga et al., 2005).  
To determine the flood extent and the local maximum flood depth, usually satellite 
images and field observations are used together to validate a hydraulic model. After 
validation, the model can be used to determine the maximum flood extent and local 
maximum flood depth. The development of a hydraulic model is time-consuming and 
needs a lot of expertise. 
This means that for an accurate determination of maximum flood extent and maximum 
flood depth one needs to combine data from different sources in case of flood events or 
have to develop a hydraulic model. This holds both for small events with a short duration 
(hours) and for large events with a long duration (months). 
 
Recorded damage  
Data on recorded damage is nowadays readily available on the internet. However, this 
data is often geographically scattered or too general.  
Available recorded data on flood events (including satellite maps) are not easily 
converted into information that can be used to validate damage estimation models. It 
requires considerable effort to construct maps containing maximum flood depth and 
maximum flood extent based on available information. Usually this information is applied 
to calibrate a hydraulic flood model. After validation of a hydraulic model, maps on 
maximum local flood depth and maximum flood extent can be generated. 
 
4.3.3 Validation studies 
As accurate spatial data is still not available on a global scale, this section focuses on 
several sites to test the performance of the developed global damage functions and 
maximum damage values. 
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The first validation site chosen in the New York City (USA) with focus on the damage 
induced by storm Sandy in 2012. Detailed information is available on the flood extent 
and the total damage is well recorded.  
As a second test site is Jakarta (Indonesia), as a hydrologic model of the floods in 2007 
is available from HKV. Also the damaged area is rather confined and there is a damage 
assessment available. 
 
4.3.3.1 Hurricane Sandy in New York City 
In 2012 hurricane Sandy hit New York and New Jersey, causing billions of dollars 
damage, mainly due to flooding (Blake et al., 2013). Around the same time, Aerts et al. 
(2014) developed a flood risk model for New York City based on HAZUS using 549 
synthetic storms to calculate risk (dollar/year). This gives an opportunity to compare the 
global damage functions (curves and maximum damages) both against a more detailed 
model (Aerts et al., 2014), as well as against observed damage (Sandy, 2012).  
The New York City damage model is based on HAZUS, which uses building counts of 33 
different building types (including 11 residential, 10 commercial and 6 industrial types) 
with separate curves and maximum damages. Aerts et al. (2014) used this model to 
estimate flood damage and risk for 549 storms with varying probabilities. As a validation 
check, this has also been done with a single curve and maximum damage for each 
building class (including content). Namely: 829 €/m2, 1144 €/m2 and 923 €/m2 for 
residential, commercial and industrial buildings respectively (including a 40% inalterable 
part). As this method is object based, also the average footprint size had to be 
established for every class, which can vary quite a bit (see Aerts et al., 2014; 
supplementary information), especially for residential buildings. For this, the average 
size of RES1 and RES3a, making up 78% of all buildings, has been used (185 m2). 
In addition, a flood extent of flooding caused by Hurricane Sandy (unpublished) has 
been used to calculate the damage in order to be able to compare this to the observed 
damage. Information on observed damages is from the official state estimates which 
have been the basis for the congressional aid. 
 
Validation results 
Table 4-3 below shows recalculated damage versus assessed damage based on 
regression values for the USA, including the uncertainty range based on the statistical 
uncertainty in the fit of GDP vs construction costs. The values from EC Harris / 
Turner&Townsend were not applied directly since the performance of the global approach 
was to be verified. It is known that the value from the regression overestimates with 
respect to the original data on construction costs.  
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Table 4-3: Comparison of the developed JRC Global curves with a more detailed model 
(Hazus; Aerts et al., 2014); and with observed damages related to hurricane Sandy. 
Damage 
class 
Aerts et al. 
(2014) 
(million €/yr) 
JRC Global 
(million €/yr) 
Sandy 
(billion €)12 
JRC Global 
(billion €) 
Residential 22.3 39.8 (28.6 – 60.8) 3.6 5.3 (3.8 – 8.1) 
Commerical 18.7 50.8 (35.1 – 68.6) 
5.6 
5.6 (3.9 – 7.6) 
Industrial 3.4 8.7 (6.1 - 13.3) 1.6 (1.1 – 2.4) 
Total 44.4 99.2 (69.8 – 142.7) 9.3 12.5 (8.8 – 18.1) 
As can be seen, the global curves overestimate damage in the NYC. The risk calculation 
is about two times larger as compared to the more detailed HAZUS calculations of Aerts 
et al. (2014). Also when looking at the uncertainty range, the lower end is still above 
estimates of Aerts et al. (2014), though the order of magnitude is similar. The 
comparison with the damage sustained by Hurricane Sandy is, however, much closer to 
each other. The calculation using the global curves is still higher than the observed 
damage, but it does fall within the uncertainty range (at the lower end).  
Given the uncertainties present in damage, the order of magnitude is correct though. 
Jongman et al. (2011) show that for two cases model estimates of various models 
ranging from underestimates of 15 times, up to overestimates of 2.5 times. The results 
of the global curves fall within this range. This difference can be the result of various 
causes. For instance, the construction cost for residential buildings estimated for the 
United States is overestimated by about 30% with respect to the original construction 
cost, which translates directly into an overestimates in maximum damage. As stated 
above we used regression values since the performance of the global approach numbers 
was to be verified. 
4.3.3.2 Flood in Jakarta  
This section considers validation based on a major flood that occurred in Jakarta in 2007. 
Heavy rainfall recorded on 2nd and 4th February led to extremely high water levels up to 
10.6 m in the downstream Ciliwung river as reported by Brinkman et.al. (2007). Jovel 
(2007) estimated the damage to be Rp 5 185 billion (563 million USD, 433 million EUR). 
The 2007 Jakarta flood damage was recalculated using damage functions and maximum 
damage values developed in this study by Kosters (2015). Kosters used Asian damage 
functions and corrected Asian average maximum damage values to compute Indonesia-
specific maximum damage values. The correction allowed calculating the Indonesia-
specific values by using the country's GDP per capita and the average GDP per capita for 
Asia. 
The extent and land use of the flooded area was based on the Open Street Map (OSM). 
To deal with significant share of missing land use information within the city limits on the 
OSM, Kosters introduced a 'no-data' land use category, and assumed the same 
composition of the land use categories as in the known part of the flooded urban area. 
The values are shown in the Table 4-4. 
 
                                           
12 Note that original values have been recalculated to Euros (using 2010 conversion factor of 0.77). The residential number 
relates to damage quoted for ‘Housing’, and the commercial/industrial number relates to damage quoted for ‘Business’ and 
‘Health’. See: http://www.governor.ny.gov/sites/governor.ny.gov/files/archive/assets/documents/sandyimpactsummary.pdf 
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Table 4-4: Maximum damage values for Jakarta recomputed based on maximum damage 
values for Asia. 
Land use category 
Based on all data 
[€/m2]  
With outliers removed 
[€/m2] 
Residential 29,194.00 97.80 
Commercial 1,850.60 241.40 
Industrial 440.80 115.90 
Infrastructure 57.70 57.70 
Agriculture 0.92 0.92 
'no-data' layer 16,837.00 127.00 
source: Kosters(2015) 
 
The maximum damage values were applied to fractional damage functions for Asia. The 
functions are replicated on Figure 4-6: 
 
Figure 4-6: Damage functions applied to Jakarta flood event of 2007 from this report 
 
 
Validation results 
The damage from 2007 Jakarta flooding based on methods developed in this report were 
calculated by Kosters (2015) to amount to 415 million Euro (price level 2010). This is 
very close to the estimated damage of 433 million Euro (price level 2007) as estimated 
by Jovel.  
The category specific contributions together with uncertainty range (section 4.2) are 
presented in Table 4-5.  
 
Table 4-5: Total damage values by land use category for Jakarta 2007 flood event. 
Land use category Damage [million €] 
Damage uncertainty 
interval [million €] 
Residential 40.1 28.9 - 61.4 
Commercial 54.0 37.3 – 72.9 
Industrial 43.9 30.7 – 67.1 
Agriculture 0.4 unknown 
No-data 276.6 194.5 – 406.6 
Total 414.6 291.8 – 608.4 
source: Kosters(2015) 
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Comparison of the composition of damage between different land use categories by Jovel 
(2007) and Kosters (2015) are shown in Figure 4-7. 
 
Figure 4-7: Comparison of damage distribution [%] for Jakarta 2007 flood between 
Kosters (2015) and Jovel (2007). 
 
 
There is large contribution from the 'no-data' category in Koster's estimates which make 
a direct comparison difficult. Looking at the known data only, it can be concluded that 
the calculated relative contribution of commerce is much larger for Kosters, while the 
relative contribution of industry is calculated to be much smaller. 
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5 Guidelines 
This chapter provides guidelines on how to use the accompanying database of the depth-
damage functions and the maximum damage functions. 
The relevant data is contained in the accompanying spreadsheets (Excel): 
Global flood depth-damage functions.xlsx 
 
5.1 Maximum damage values 
The spreadsheet contains depth damage functions (one worksheet) and the maximum 
damage values (one worksheet for each of the six impact categories). A Quick Start 
Guide is outlined in the initial worksheet of the file.  
The spreadsheet allows for adjustment of parameters for the three types of buildings 
(residential, commercial and industrial) to account for additional information that a user 
could have regarding the site considered. The parameters' values are specified in the 
input form - an example of the input screen is presented in Figure 5-1.  
Figure 5-1: Worksheet MaxDamage-Adjustment in the Excel spreadsheet on Global 
Maximum Damages. 
 
 
The same worksheet, 'MaxDamage-Adjustment', also provides additional information 
which can be used to calculate, for example, confidence intervals or make additional 
adjustment with respect to, eg material used. These additional manipulations, however, 
would need to be undertaken manually by a user. 
The next section provides additional information and guidelines potentially useful in 
process of fine-tuning the maximum damage values. 
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5.2 Further differentiations in maximum damages 
This section provides some guidance for modellers on how to adjust the global maximum 
damage values to more local situations in case such information is known.  
The damage functions developed within this research are primarily determined for urban 
environments as the underlying data on maximum damages is derived from construction 
cost surveys which mainly concern costs of urban types of buildings (as opposed to more 
rural buildings or traditional building materials). Nevertheless, the inventory of damage 
models shows a wide variety of information related to different types of buildings (e.g. 
mud vs. brick buildings) and different environments (e.g. rural vs. urban environments). 
Also if exposure data allows for differentiation between different types of build 
environment (e.g. urban vs. rural, slums, different building materials), it may be very 
worthwhile to use different maximum damage values. 
 
5.2.1 Building material 
Most buildings around the world are built of relatively resistant material such as bricks or 
concrete. This is also what the construction costs are based on. However, in various 
locations (often more rural) houses can be built of local material such as mud with 
thatched roofs. Some studies from Asia explicitly differentiated different building 
materials. For instance, Nabiul Islam (1997) investigated 5 building types differentiating 
building material for floors and walls in a generally rural setting. The total value of the 
house and the content (recalculated into 2010 euros) can be found in Table 5-1.  
Table 5-1: Values per m2 for buildings with different building types in Indonesia and 
their relative relation between these types. 
Building type 
(floor | wall) 
Total value per m2 (2010 euro) Factor 
Brick | Brick 135 1 
Brick | Corrugate 83 0.61 
Mud  | CI sheet 73 0.54 
Mud  | Thatched 34 0.25 
Mud  | Mud 27 0.2 
source: Nabiul Islam (1997) 
 
A difference in value between a fully brick building and a complete mud building is about 
a factor of 5. Note that this is not just because of more expansive material, but also 
because the value of contents in a brick building is usually higher than those of a mud 
building due to a generally better socio-economic status of the inhabitants. 
It should be noted that not only the value may be different between different building 
materials, but also the vulnerability (i.e. the shape of the damage curve) can be 
expected to be different. Maiti (2007), for instance, differentiated two main building 
types in rural India based on material: a mud dwelling with straw roof and a concrete 
building. Whilst no values were assigned to these building types, it is noted by Maiti that 
mud buildings are expected to suffer total loss damage already from about 1m water 
depth (Maiti, 2007), much sooner than compared to concrete buildings. This is in line 
with the damage function from the CAPRA database (Central American Probabilistic Risk 
Assessment), where functions for mud buildings reach 100% around 1.5 meter. 
Moreover, the CAPRA functions for concrete and masonry buildings reach 60%, 
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confirming the ‘undamageable’ part of around 40% for buildings build of resistant 
material. 
 
5.2.2 Formal vs. informal 
In developed areas, urban regions are relatively heterogeneous with respect to building 
types and materials, with possible exception of high-rise buildings in down-town areas, 
but these are usually still of the same resistant material. In developing regions there 
may be considerable areas consisting of non-planned neighbourhoods with simple 
dwellings constructed by inhabitants. Such informal neighbourhoods, or even slums, 
have typically considerably lower values per house/dwelling (and arguably a higher 
vulnerability). Hack (2014) quotes a study by the OECD (Hallegatte, 2010) stating that 
values of slums are about nine times lower as compared to regular houses. Budiyono et 
al. (2014) finds values for formal urban land-use (planned houses) that are about 2.5 
times higher as compared to more informal settlements (kampungs): 342 $k/ha as 
opposed to 130-155 $k/ha. As these numbers concern areas of land-use (as opposed to 
only buildings), this also inherently includes the higher density of houses in informal 
neighbourhoods, which are typically much more dense. When assuming a density that is 
about three times higher (30% area covered by buildings in formal neighbourhoods and 
90% in informal neighbourhoods), the difference in value would increase up to almost 8 
times. Overall, it can thus be stated that houses/dwellings in informal areas have a value 
about 8 times lower as compared to formal area (which is the basis of this study). There 
will, however, not be an undamageable portion of the buildings in informal areas. 
 
5.2.3 Urban vs. Rural  
As many studies from the inventory are at a case-study level, they address a specific 
region. This can for instance be a specific city or urban region, but can also be a more 
rural region. A study by the World Bank (2000) on flooding in Mozambique addressed 
both, allowing for a consistent comparison. There it is estimated that the (depreciated) 
reconstruction value for an urban household is about $2500 per building ($600 
structural, rest content and vehicles), whilst for rural residential this is about $400 per 
building ($250 structure, $150 content). This would result in difference of a factor 6 in 
maximum damage between urban and rural houses (including content). This assumes, 
however, that the size of the houses is also the same. When acknowledging that rural 
houses are also comparatively smaller (linked for instance to the socio-economic status 
of the inhabitants), then this factor is reduced. When assuming that rural houses are 
about half the size of urban houses, this difference in value per m2 becomes a factor 3. 
 
5.2.4 Impact on people 
The previous paragraphs show that maximum damages in rural regions are expected to 
be lower as compared to urban regions and lower for lower grade building material. 
However, the impact on the people, whilst lower in monetary value, may be relatively 
higher as the coping capacity may be inferior (e.g. access to insurance, savings, higher 
percentage of annual income lost). This can be accounted for when going to a non-
monetary impact metric (i.e. percentage of annual income lost), or by adjusting net 
present value calculations for socio-economic status. However, this reduces the use for 
monetary cost-benefit analyses, but may still be very informative from a prioritization 
point of view. 
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5.3 Area versus objects in damage modelling 
The database as described in the previous paragraph also contains information on the 
area versus object approach of global maximum damages.  
For residential, commercial and industrial damage classes the following maximum 
damage values are presented: 
1. Building based; 
2. Land use based; 
3. Object based. 
The first type of damage value represents maximum damage per square meter for 
buildings if the footprint of individual buildings is used for damage calculation. 
The second represents maximum damage per square meter for buildings if land-use 
maps are used containing a mixture of houses, roads and empty space between 
individual buildings.  
The last damage value presented is applied when only house locations are known. In this 
case a building having "general" characteristics will be applied. 
 
5.4 Generic global curves for agriculture and infrastructure  
Damage functions for infrastructure and agricultural crops are available for Asia, Europe, 
Africa (agriculture only) and North America (agriculture only) but not for Oceania and 
South America.  
 
It would be convenient to have one generic global applicable function for agriculture and 
one generic global applicable function for infrastructure for all continents. This is feasible 
as the data shows that the total share of both agriculture and infrastructure in total 
damage is limited and the available functions are rather close.  
 
5.4.1 Agriculture 
In the Figure 5-2 below the various continental damage functions for agriculture from 
Asia, Europe, North-America and Africa are shown. 
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Figure 5-2: Damage functions for Agricultural crops in Europe, Africa, Asia and North-
America. 
 
From the figure it is clear that the shape of the curves for agricultural crops are roughly 
equivalent, the African curve being the most deviant, but originating from only one 
source.  
If damage to agricultural crops is in most flood events limited compared to total 
(recorded) damage, then it is allowed to apply one global function. Even if a flooded area 
is mainly agricultural, damage to buildings contributes much more to the total damage. 
The share of agriculture in total recorded damage is shown in the table below.  
Table 5-2: Share of agriculture damage in total direct damage for several major flood 
events. 
Event Description 
Total damage 
x 106 
Damage to agricultural crops 
x 106 share in total 
Maas 1995 
(Huizinga, 2002) 
medium scale 
rural & urban 
area 
€94 €8.7 9% 
Saxony 2002 
(Floodsite, 2006) 
large scale 
rural & urban 
area 
- - 1.3% 
Thailand 2011 
(Worldbank, 2012) 
large scale 
rural & urban 
area 
$46 500 $1 300 2.7% 
Jakarta 2007 
(Jovel, 2007) 
large scale 
urban area €433 €4 0.9% 
It can be concluded that the contribution of agriculture damage in total damage is 
limited in the observed cases. This suggests that applying one global average function is 
acceptable. 
 
5.4.2 Roads 
In Figure 5-3 below the continental damage functions for infrastructure-roads from Asia 
and Europe are shown. 
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Figure 5-3: Damage functions for Infrastructure in Europe and Asia. 
 
 
Both the two curves are quite similar. If the share of these individual damage categories 
is restricted in the total (recorded) damage, then it they can be represented by one 
global function. The share of both individual damage categories in total damage is shown 
in Table 5-3 with recorded data from validation sites and literature.  
Table 5-3: Share of infrastructure damage in total direct damage for several flood 
events. 
Event Description 
Total damage 
x 106 
Infrastructure damage 
x 106 
share in 
total 
Eilenburg  
(Jongman et al, 2012) 
small scale 
urban area €218 €109 50% 
Carlisle 
(Jongman et al, 2012) 
small scale 
urban area €535 €64 12% 
Maas 1995 
(Huizinga, 2002) 
large scale 
rural & urban 
area 
€94 €4.3 4% 
New York Sandy 
http://www.governor.ny.gov 
large scale 
urban area $41 885 $7348 18% 
Jakarta 2007 
(Jovel, 2007) 
large scale 
urban area €433 €71 16.5% 
Most flood events show that the contribution of damage to roads to total damage is 
about 4-18%. Rural areas have lower damage to roads than urban areas. 
The flooding in Eilenburg shows highest contribution of infrastructure damage of all 
presented cases. The reason for this high damage is the collapse of a large bridge. As a 
collapse cannot be captured in flood depth damage functions, this case should not be 
considered. 
From Table 5-3 it can be concluded that the contribution of road damage in total damage 
is considerably higher than for agriculture. However, there are only two damage 
functions available and they are very alike. This suggests that applying one global 
average function is acceptable. 
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5.4.3 Conclusion 
From the results above it may be concluded that application of one global function for 
agriculture and on global function for infrastructure is justifiable. 
Global applicable functions for agriculture and infrastructure are shown below: these are 
based on the average of available continental functions. 
Table 5-4: Global applicable flood damage functions for agriculture and infrastructure. 
Water depth 
(m) 
Generic Global Functions 
(fractional damage) 
 Agriculture Infrastructure 
0 0.00 0.00 
0.5 0.23 0.22 
1 0.39 0.43 
1.5 0.55 0.58 
2 0.65 0.67 
3 0.78 0.79 
4 0.87 0.89 
5 0.96 0.97 
6 1.00 1.00 
 
5.5 Spatial data 
Damage functions are derived for different damage classes. In order to perform analyses 
with these functions, they need to be applied in conjunction with spatial data containing 
these classes. Currently, global datasets do not differentiate very well between 
residential, commercial, industrial and transport classes. They are usually aggregated in 
a single urban fabric class.  
Some type of downscaling or land-use accounting technique is necessary to downscale 
this urban class into the desired classes. This would result in maps giving a percentage 
of residential/commercial/industrial/etc. land use in a single cell. This could be based on 
country-level economic information, such as the percentage of commerce and industry 
to national GDP (as is available in the WDI, or Eurostat). However, type of activity is not 
directly tied to land surface. Therefore, this relation would need to be determined in 
areas where there is information on different urban land uses, such as Europe (with the 
Corine land cover dataset). Using this relation, the share of various urban land use types 
to the total urban land cover can then be extrapolated over the globe.  
Subsequently, a translation needs to be made from a generic land use (e.g. residential), 
to the area covered by buildings related to that land use as the damage functions are 
based on buildings. Here, information on urban density, as is being estimated by the 
Global Human Settlement Layer that is developed by JRC, can be used.  
Overall, various sources of information would ideally be combined into a global dataset 
with a spatial resolution that is still workable (e.g. 1km), but with sub-cell in formation 
in the form of percentage of a certain land use or cumulative length (unit: meters) of 
road and railroad network in that particular cell.  
Key input data for such a dataset includes: 
o GlobCover13 (to differentiate agriculture, nature and urban); 
o OpenStreetMap14 (for length of roads and data on residential, commercial- 
and industrial categories and areas (20- 50% coverage of urban area in Asia 
according to Kosters (2015); 
                                           
13 http://geoserver.isciences.com:8080/geonetwork/srv/en/metadata.show?id=228  
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o Railroad dataset (for length of railroad)15; 
o Global Human Settlement Layer16 (for percentage urban/urban densities); 
o Eurostat (for downscaling urban); 
o World Development Indicators (for downscaling urban); 
o CORINE  land cover (for downscaling urban area). 
The development of such a global spatial dataset will involve significant harmonization of 
data and analyses for downscaling urban land use and falls outside the scope of the 
current project. 
 
 
                                                                                                                                   
14 http://www.openstreetmap.org  
15 http://www.openrailwaymap.org 
16 http://ghslsys.jrc.ec.europa.eu  
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january 2015 
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of goods and services that may be fixed or changed at specified intervals, such as yearly. The 
Laspeyres formula is generally used. 
Agricultural land (%): http://data.worldbank.org/indicator/AG.LND.AGRI.ZS. Accessed 28_1_2015 
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permanent pastures. Arable land includes land defined by the FAO as land under temporary 
crops (double-cropped areas are counted once), temporary meadows for mowing or for 
pasture, land under market or kitchen gardens, and land temporarily fallow. Land abandoned 
as a result of shifting cultivation is excluded. Land under permanent crops is land cultivated 
with crops that occupy the land for long periods and need not be replanted after each harvest, 
such as cocoa, coffee, and rubber. This category includes land under flowering shrubs, fruit 
trees, nut trees, and vines, but excludes land under trees grown for wood or timber. 
Permanent pasture is land used for five or more years for forage, including natural and 
cultivated crops. 
Agriculture_ValueAdded (% GDP): http://data.worldbank.org/indicator/NV.AGR.TOTL.ZS. Accessed 
28_1_2015 
Agriculture corresponds to ISIC divisions 1-5 and includes forestry, hunting, and fishing, as well as 
cultivation of crops and livestock production. Value added is the net output of a sector after 
adding up all outputs and subtracting intermediate inputs. It is calculated without making 
deductions for depreciation of fabricated assets or depletion and degradation of natural 
resources. The origin of value added is determined by the International Standard Industrial 
Classification (ISIC), revision 3. Note: For VAB countries, gross value added at factor cost is 
used as the denominator. 
LandArea_sqareKilometers: http://data.worldbank.org/indicator/AG.LND.TOTL.K2. Accessed 
28_1_2015 
Land area is a country's total area, excluding area under inland water bodies, national claims to 
continental shelf, and exclusive economic zones. In most cases the definition of inland water 
bodies includes major rivers and lakes 
GDP (current US$): http://data.worldbank.org/indicator/NY.GDP.MKTP.CD. Accessed 28_1_2015 
GDP at purchaser's prices is the sum of gross value added by all resident producers in the 
economy plus any product taxes and minus any subsidies not included in the value of the 
products. It is calculated without making deductions for depreciation of fabricated assets or 
for depletion and degradation of natural resources. Data are in current U.S. dollars. Dollar 
figures for GDP are converted from domestic currencies using single year official exchange 
rates. For a few countries where the official exchange rate does not reflect the rate effectively 
applied to actual foreign exchange transactions, an alternative conversion factor is used. 
Inflation, consumer prices (annual %): http://data.worldbank.org/indicator/FP.CPI.TOTL.ZG. 
Accessed 28_1_2015 
Inflation as measured by the consumer price index reflects the annual percentage change in the 
cost to the average consumer of acquiring a basket of goods and services that may be fixed 
or changed at specified intervals, such as yearly. The Laspeyres formula is generally used.  
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up all outputs and subtracting intermediate inputs. It is calculated without making deductions 
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denominator. 
United Nations Economic Commission for Europe:http://www.unece.org/stats/trends2005/environment.htm 
Eurostat:http://epp.eurostat.ec.europa.eu/portal/page?_pageid=1090,30070682,1090_33076576&_dad=portal&_schema=
PORTAL 
Natural Hazards and Earth System Sciences. http://www.copernicus.org/EGU/nhess/nhess.html 
Economic and Financial Affairs department from the European Commission (ECFIN). 
http://ec.europa.eu/economy_finance/indicators/euroareagdp_en.htm 
Emergency Events Database EM-DAT. http://www.emdat.be 
Natural Disasters Database since 2001: http://naturaldisastersnews.net/ 
World Development Indicators (WDI): 
http://databank.worldbank.org/data/views/variableSelection/selectvariables.aspx?source=wor
ld-development-indicators 
 
 
 
 
 
 
 90 
 
Appendix A: Maximum damage in agriculture 
Table A-1 is based on data from the World Bank (World Bank, 2015) and JRC. An 
average of these five years (2008-2012) was calculated to obtain a robust estimate for 
2010. 
Myanmar, Haiti and Israel are based on data provided by JRC (2010 only) with respect 
to the share of agriculture VA in GDP (%) due to missing data in the World Bank sheet. 
Per country the total value addition in GDP of agriculture is divided by the total 
agricultural area. This results in a value of agriculture per hectare.  
Table A-1: Value added per hectare in Agriculture sector. 
Country 
VA/ha 
(US$) 
Country 
VA/ha 
(US$) 
Afghanistan 102 Lebanon 2401 
Albania 1841 Lesotho 66 
Algeria 349 Liberia 241 
American Samoa 
 
Libya 104 
Andorra 
 
Liechtenstein  
Angola 135 Lithuania 463 
Antigua and Barbuda 2290 Luxembourg 1162 
Argentina 208 Macao SAR, China  
Armenia 1032 Macedonia, FYR 840 
Aruba 5602 Madagascar 57 
Australia 67 Malawi 245 
Austria 1744 Malaysia 3367 
Azerbaijan 641 Maldives 13205 
Bahamas, The 11789 Mali 85 
Bahrain 
 
Malta 14201 
Bangladesh 2097 Marshall Islands  
Barbados 3860 Mauritania 14 
Belarus 560 Mauritius 3681 
Belgium 2586 Mexico 345 
Belize 1071 Micronesia, Fed. Sts. 3256 
Benin 654 Moldova 273 
Bermuda 59263 Monaco  
Bhutan 510 Mongolia 9 
Bolivia 58 Montenegro 646 
Bosnia and Herzegovina 569 Morocco 429 
Botswana 13 Mozambique 68 
Brazil 347 Myanmar* 927 
Brunei Darussalam 8630 Namibia 23 
Bulgaria 498 Nepal 1234 
Burkina Faso 261 Netherlands 7261 
Burundi 350 New Caledonia  
Cabo Verde 1979 New Zealand 674 
Cambodia 704 Nicaragua 295 
Cameroon 562 Niger 54 
Canada 366 Nigeria 1085 
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Country 
VA/ha 
(US$) 
Country 
VA/ha 
(US$) 
Cayman Islands 
 
Northern Mariana Islands  
Central African Republic 207 Norway 5416 
Chad 116 Oman 466 
Channel Islands 
 
Pakistan 1693 
Chile 444 Palau 2038 
China 1224 Panama 472 
Colombia 438 Papua New Guinea  
Comoros 1400 Paraguay 189 
Congo, Dem. Rep. 193 Peru  
Congo, Rep. 45 Philippines 2120 
Costa Rica 1204 Poland 867 
Cote d'Ivoire 289 Portugal 1255 
Croatia 1951 Puerto Rico 3692 
Cuba 406 Qatar 2275 
Curacao 
 
Romania 787 
Cyprus 3805 Russian Federation 281 
Czech Republic 983 Rwanda 1021 
Denmark 1439 Samoa 1990 
Djibouti 
 
San Marino  
Dominica 2447 Sao Tome and Principe 782 
Dominican Republic 1309 Saudi Arabia 73 
Ecuador 903 Senegal 210 
Egypt, Arab Rep. 7892 Serbia 725 
El Salvador 1626 Seychelles 7411 
Equatorial Guinea 
 
Sierra Leone 426 
Eritrea 33 Singapore 122070 
Estonia 671 Sint Maarten (Dutch part)  
Ethiopia 407 Slovak Republic 1519 
Faeroe Islands 
 
Slovenia 1882 
Fiji 792 Solomon Islands  
Finland 2615 Somalia  
France 1473 South Africa 85 
French Polynesia 
 
South Sudan  
Gabon 128 Spain 1214 
Gambia, The 388 Sri Lanka 2365 
Georgia 408 St. Kitts and Nevis 1730 
Germany 1568 St. Lucia 3290 
Ghana 560 St. Martin (French part)  
Greece 
1089 
St. Vincent and the 
Grenadines 
4126 
Greenland 
 
Sudan 120 
Grenada 3239 Suriname 4941 
Guam 
 
Swaziland 167 
Guatemala 1096 Sweden 2280 
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Country 
VA/ha 
(US$) 
Country 
VA/ha 
(US$) 
Guinea 72 Switzerland 2889 
Guinea-Bissau 256 Syrian Arab Republic  
Guyana 275 Tajikistan 266 
Haiti* 714 Tanzania 160 
Honduras 633 Thailand 1833 
Hong Kong SAR, China 25346 Timor-Leste 516 
Hungary 848 Togo 303 
Iceland 502 Tonga 2026 
India 1489 Trinidad and Tobago 2265 
Indonesia 1904 Tunisia 365 
Iran, Islamic Rep. 
 
Turkey 1508 
Iraq 884 Turkmenistan 103 
Ireland 618 Turks and Caicos Islands  
Isle of Man 
 
Tuvalu 4597 
Israel* 6588 Uganda 265 
Italy 2918 Ukraine 285 
Jamaica 1665 United Arab Emirates 6020 
Japan 13841 United Kingdom 850 
Jordan 726 United States 416 
Kazakhstan 38 Uruguay 235 
Kenya 371 Uzbekistan 264 
Kiribati 977 Vanuatu 819 
Korea, Dem. Rep. 
 
Venezuela, RB 827 
Korea, Rep. 13788 Vietnam 2271 
Kosovo 
 
Virgin Islands (U.S.)  
Kuwait 4100 West Bank and Gaza 1760 
Kyrgyz Republic 95 Yemen, Rep.  
Lao PDR 904 Zambia 90 
Latvia 471 Zimbabwe 69 
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Appendix B: International construction costs 
The information from the two applied sources on international construction costs 
[Euro/m2 - 2010] has been compiled in the Table below.  
 
Table B-2: Comparison of construction costs of EC Harris (2010) vs Turner and 
Townsend (2013). 
  
EC Harris (2010) Turner & Townsend (2013) 
Country RES COM IND RES COM IND 
Abu Dhabi 1506 1335 999 
   
Australia 1640 1760 1050 1246 1553 695 
Austria 1485 1540 915 
   
Bahrain 1644 1445 1099 
   
Belgium 1431 1478 983 
   
Bosnia & Herzegovina 793 745 515 
   
Brazil 
   
613 846 689 
Bulgaria 584 866 618 
   
Cameroon 511 425 394 
   
Canada 1859 1444 1086 1725 1683 776 
China 398 594 518 486 593 422 
Croatia 1027 1041 639 
   
Czech Republic 1065 922 534 
   
Denmark 2082 2129 1810 
   
Egypt 685 868 529 
   
Finland 1854 2004 1250 
   
France 1621 1534 1070 
   
Germany 2159 1494 978 1067 1733 963 
Ghana 385 512 304 
   
Greece 1108 989 716 
   
Hong Kong 1746 1173 
 
2225 2021 1519 
Hungary 750 897 705 
   
India 
   
338 349 369 
Indonesia 505 454 342 
   
Ireland 1696 1932 1040 1228 1812 937 
Italy 1365 1607 740 
   
Japan 
   
1656 2332 2071 
Latvia 889 812 697 
   
Macedonia 760 746 508 
   
Malaysia 406 461 420 492 909 607 
Netherlands 1015 1365 958 1253 1875 903 
New Zealand 1559 1633 997 
   
Oman 1477 1289 979 1252 1289 904 
Poland 1092 1105 682 554 696 424 
Portugal 837 898 487 
   
Qatar 1494 1362 1019 1283 1420 782 
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EC Harris (2010) Turner & Townsend (2013) 
Country RES COM IND RES COM IND 
Romania 816 832 563 
   
Russia 1089 1108 513 878 1141 745 
Saudi Arabia 1417 1236 939 
   
Serbia 830 806 531 
   
Singapore 1683 1513 1103 1807 1428 1383 
Slovakia 828 805 592 
   
South Africa 579 641 413 525 598 341 
South Korea 1178 1128 797 869 920 886 
Spain 1099 1134 503 
   
Sri Lanka 377 350 326 
   
Sweden 1688 1695 1319 
   
Switzerland 2117 2343 1723 
   
Taiwan 301 426 317 
   
Thailand 842 756 596 
   
Turkey 899 1055 739 
   
Uganda 
   
304 488 292 
United Arab Emirates 
   
1367 1408 982 
Ukraine 719 801 292 
   
United Kingdom 1600 1557 875 1655 2098 1176 
USA 1171 1369 793 1186 1460 908 
Vietnam 
   
379 430 301 
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Appendix C: HAZUS inventory values 
Below (Table C-3) the HAZUS (for the USA) content value percentage of structure value 
is presented. 
 
Table C-3: Default HAZUS contents value, share of the structure value. 
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Appendix D: Glossary 
 
Table D-4: Glossary terms. 
Term Description 
Avoidable 
losses 
Losses that can be avoided through mitigation 
Commerce In a loss assessment context, ‘commerce’ refers to the retail, 
wholesale, service industries and the manufacturing sectors 
Costs In a loss assessment context, the resources or alternative 
consumption which must be sacrificed to achieve the desired end 
result, such as implementing mitigation. 
Damage class One of six damage classes defined as follows: 
1. Residential: 
o Refers to residential buildings such as houses and apartments 
and their contents 
o Weighted averages based on studies of building stock are 
used, i.e. taking account of different sizes and quality standards 
of houses and apartments 
o Damage to assets in residential areas which are not 
residential buildings (i.e. in the public area and gardens) is not 
included 
2. Commerce: 
o Refers to commercial buildings and their contents such as 
offices, schools, hospitals, hotels, shops, etc. 
o Weighted averages of the various buildings types are used 
based on building stock studies 
o Damage to assets in commercial areas (i.e. in the public area 
and vehicles) is not included 
3. Industry: 
o Refers to industrial buildings and their contents such as 
warehouses, distribution centers, factories, laboratories, etc. 
o Weighted averages of the various building types are used 
based on building stock studies  
o Damage to assets in industrial areas (i.e. in the public area 
and vehicles) is not included 
4. Transport: 
o Transport facilities 
o Maximum damage values from literature: very limited data 
5. Infrastructure 
o Roads and railroads 
o Direct damage to roads and railroads as a result of contact 
with (fast flowing) water 
6. Agriculture: 
o Based on damage resulting from flooded agricultural lands 
only (i.e. does not include farms, sheds, farming material, etc.) 
o Value added used as a proxy in this study 
Disaster A serious disruption to community life which threatens or causes 
death or injury in that community and/or damage to property which 
is beyond the day-to-day capacity of the prescribed statutory bodies. 
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Term Description 
A disaster requires special mobilisation and organisation of resources 
other than those normally available to those authorities. 
 
Depth–
damage 
Depth–damage curves (also known as stage–damage curves) are 
graphical relationships of the losses expected to result at a specified 
depth of flood water. Such curves are typically used for housing and 
other structures where the stage or depth refers to depth of water 
inside a building and the damage refers to the damage expected 
from that depth of water. They may be thought of more generally as 
representing the relationship between hazard magnitude and loss, 
and can be adapted to cover other hazards. 
 
Economic loss See ‘loss/damage’. 
Financial loss See ‘loss/damage’. 
Intangible 
loss 
Items which are not normally bought or sold (such as memorabilia, 
lives, health and the environment) and for which, therefore, no 
agreement on their monetary value exists. 
 
Loss/damage A loss is counted if it is an economic loss, unless otherwise specified. 
An economic loss is a measure of the impact of the disaster on the 
specified economy. It is taken as being equal to the resources 
(expressed in time, money or intangible loss) lost by the specified 
area as a result of the disaster (see also ‘net loss’). This is distinct 
from financial losses due to the disaster which are losses borne by 
individual enterprises as well as the other sectors. Many individual 
business losses do not amount to economic losses as their losses are 
offset by other businesses gaining the trade, or are made up over 
time. 
 
Stage–
damage 
curves 
See ‘depth–damage curves’ 
 
Tangible 
damage 
Items which are normally bought or sold and which are therefore 
easy to assess in monetary terms. 
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Appendix E: Averaging procedure for the damage function 
The damage functions are first normalized and then averaged. The procedure is 
presented on example of Asian data with the results for two options: 1) normalised 
average of the recorded damage functions (alternative approach) and 2) average of 
normalised recorded damage functions (original approach). 
Figure E-1: damage functions for Asia, example of processing. 
Graphical representation Description 
 
o number of functions: 25 
o recorded functions ranging 0-1: 13 
o functions are nearly identical with 
the normalized average function 
being a bit steeper between 0.5 
and 2.5 meters than the average 
of normalized functions 
 
o number of functions: 20 
o recorded functions ranging 0-1: 9 
o functions are nearly identical with 
the normalized average function 
being a bit steeper between 0.5 
and 2.5 meters than the average 
of normalized functions 
 
o number of functions: 11 
o recorded functions ranging 0-1: 5 
o functions are nearly identical 
 
o number of functions: 4 
o recorded functions ranging 0-1: 1 
o the average of normalized 
functions has higher values than 
normalized average function 
 
o number of functions: 8 
o recorded functions ranging 0-1: 5 
o the average of normalized 
functions has slightly higher values 
than normalized average function 
 
 99 
 
In the case of Industry the damage functions from both methods are nearly equal. In the 
case of Residential buildings and Commerce the values from the normalized average of 
recorded functions are a bit higher than the values from the average of normalised 
recorded functions. For the remaining damage categories this is reversed. 
It can be observed that differences between both functions are reduced the higher the 
number of observations (i.e. functions). It is not straightforward to relate the observed 
differences to any parameter. 
Both methods show different results. It is difficult to determine that one method 
performs better, although it seems more useful to first produce a normalised version of a 
function (and its corresponding maximum damage value) and average these (the 
original approach) and compute standard deviations, than the other way round (the 
alternative) without adapted maximum damage values and the ability to calculate 
standard deviations.  
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Appendix F: Damage functions for Europe 
 
This Appendix provides extract from the previously unpublished study (Huizinga, 2007) 
which developed flood-damage functions for EU member states.  
 
Residential buildings 
The residential buildings including inventory maximum damage values all have inventory 
included.  
 
Figure F-2: Damage per square meter for residential buildings including including 
inventory.  
 
 
Switzerland & the UK have by far the largest damage values, the rest of the explored 
countries have more or less equal maximum damage values. The average maximum 
damage value for the category residential buildings including inventory at 6m depth is 
750 €/m2. 
 
Figure F-3: Damage factor for residential buildings including inventory. 
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Commerce 
The commerce maximum damage values all have inventory included. 
 
Figure F-4: Damage per square meter for commerce. 
 
 
Switzerland has by far the largest damage value; Norway and UK are in the intermediate 
region and have quite similar functions, while on the other hand Germany, France, the 
Czech Republic and The Netherlands have quite low values. The average maximum 
damage value for the category commerce at 6 m. depth is 621 €/m2. 
 
Figure F-5: Damage factor for commerce. 
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Industry 
The industry maximum damage values all have inventories included.  
 
Figure F-6: Damage per square meter for industry. 
 
 
Switzerland has by far the largest damage value; Norway and UK are in the intermediate 
region and have quite similar functions, while on the other hand Germany, France, the 
Czech Republic and The Netherlands have quite low values. The average maximum 
damage value for the category industry at 6 m depth is 534 €/m2. 
 
Figure F-7: Damage factor for industry. 
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Roads 
 
Figure F-8: Damage per square meter for infrastructure (roads). 
 
 
Maximum damage for roads differs largely between the considered countries. Belgium 
and Switzerland have by far the largest damage values, the rest of the explore countries 
have quite low values. The average maximum damage value for the category roads at 6 
m. water depth is 24 €/m2. 
 
Figure F-9: Damage factor for infrastructure (roads). 
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Agriculture 
For agriculture large differences exist between the functions. Switzerland has by far the 
largest damage values, the Netherlands has an intermediate value and the rest lower 
values. 
 
Figure F-10: Damage per square meter for agriculture. 
 
 
The average maximum damage value for the category agriculture at 6m depth is 0.77 
€/m2. 
 
Figure F-11: Damage factor for agriculture. 
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